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(Block  20  continued) 

— U  nondestrucClve  x-ray  diffraction  method. 

Single  crystals  of  silicon  and  aluminum  pulled  in  tension  exhibited  a 
highly  fragmented  •debris^  layer,  extending  to  about  100  vw  depth,  and  a 
core  region  featuring  a  much  lower  excess  dislocation  density  and  consider¬ 
ably  less  lattice  breakup  and  mlsorientation.  A  similar  decreasing  gradient 
in  the  excess  dislocation  density  from  the  surface  to  the  bulk  material 
was  obtained  for  plastically  deformed  gold  monocrystals  for  which  no  oxide 
layer  is  formed.  Aluminum  monocrystals  cycled  in  the  push-pull  fatigue 
mode  revealed  a  work-hardened  surface  layer  and  a  transitional  subsurface 
region  between  the  surface  layer  and  the  core  material.  At  sufficiently 
low  stress  amplitudes ,  no  cyclic  damage  was  Introduced  in  the  bulk  despite 
the  rapid  generation  and  interaction  of  dislocations  in  the  surface  layer. 

Fatigued  A1  202A  specimens  also  exhibited  preferential  work  hardening 
in  the  surface  layers.  The  change  in  excess  dislocation  densities  for  the 
grains  located  near  the  surface  was  shown  to  follow  a  three-stage  sequence 
during  the  fatigue  life:  an  Initial  rapid  Increase  comprising  the  first  20 
to  23  per  cent  of  the  life,  a  long  intermediate  period  featuring  very 
little  change,  and  a  final  rapid  enhancement  during  the  last  5  to  10  per 
cent  of  the  life,  coinciding  with  crack  initiation  and  growth.  A  critical 
excess  dislocation  density  was  associated  with  fatigue  fracture.  This  cri¬ 
tical  value  was  Independent  of  the  stress  amplitude  and  varied  according  to 
a  Fetch-type  relationship  for  different  grain  sizes  of  the  same  alloy. 

An  in-depth  analysis,  carried  out  by  stepwise  removal  of  the  surface 
layers  of  cycled  specimens,  disclosed  a  plastic  response  for  the  grains 
located  in  the  bulk  after  about  5  per  cent  of  the  fatigue  life.  The  defect 
structure  in  the  specimen  core  developed  gradually  during  the  cycling.  The 
excess  dislocation  density  for  the  bulk  increased  almost  linearly  as  a 
function  of  the  fatigue  life,  with  a  terminal  value  at  failure  similar  to 
the  critical  excess  dislocation  density  for  surface  grains.  The  fatigue 
process  was  Interpreted  as  a  rapid  work  hardening  of  the  surface  to  form  a 
barrier  to  dislocation  egression  and  rearrangement.  The  dynamic  Interplay 
between  the  surface  barrier  and  the  eventual  plastic  response  activated  in 
the  bulk  leads  to  a  critical  defect  accumulation  at  the  surface  and  incip¬ 
ient  cracking. 

When  the  fatigue  process  was  Interrupted  prior  to  failure  and  the 
surface  layer  was  removed,  a  striking  recovery  phenomenon  was  observed 
throughout  the  specimen  cross  section  during  subsequent  cycling.  The  bulk 
defect  structure  was  thus  shown  to  be  extremely  unstable  in  the  absence  of 
the  restraining  Influence  Imposed  by  the  work-hardened  surface  layer.  The 
extension  of  the  fatigue  life  of  metals  by  judicious  surface  removal  was 
ascribed  primarily  to  the  elimination  of  the  surface  barrier  rather  than  to 
the  removal  of  microcracks . 

The  fatigue  response  at  various  depths  from  the  surface  was  also  inves¬ 
tigated  nondestructively  by  employing  x-ray  radiations  with  differing  pene¬ 
tration  capabilities.  The  excess  dislocation  density  of  grains  located  up 
to  300  pm  in  depth  was  examined  using  molybdenum  radiation  and  found  to 
vary  linearly  with  the  fatigue  life.  This  steep  linear  dependence,  in 
conjunction  with  the  early  life  saturation  behavior  of  surface-grain  den¬ 
sities  measured  with  copper  radiation,  provided  a  new  criterion  for  predic¬ 
ting  accurately  the  fatigue  life  and  failure. 
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ABSTRACT 


X-ray  double  crystal  dlf fractometry  and  re¬ 
flection  topography  were  employed  to  examine  the 
deformation  response  of  single  crystals  and  A1 
202A  alloy  specimens.  A  propensity  for  prefer¬ 
ential  work  hardening  of  the  surface  layers 
compared  to  the  bulk  material  was  demonstrated 
for  both  tensile  deformed  and  fatigue  cycled 
metals.  The  cyclically  Induced  defect  distribu¬ 
tion  with  depth  from  the  specimen  surface  was 
also  Investigated  as  a  function  of  the  fraction 
of  fatigue  life.  This  led  to  a  capability  for 
predicting  the  fatigue  life  and  failure  by  a  non¬ 
destructive  x-ray  diffraction  method. 

Single  crystals  of  silicon  and  aluminum  pulled 
In  tension  exhibited  a  highly  fragmented  "debris" 
layer  extending  to  about  100  pm  In  depth,  and  a 
core  region  featuring  a  much  lower  excess  disloca¬ 
tion  density  and  considerably  less  lattice 
breakup  and  mlsorlentatlon.  A  similar  decreasing 
gradient  In  the  excess  dislocation  density  from 
the  surface  to  bulk  was  obtained  for  plastically 
deformed  gold  monocrystals  for  which  no  oxide  layer 
Is  formed.  Aluminum  monocrystals  cycled  In  the 
push-pull  fatigue  mode  revealed  a  work  hardened 
surface  layer,  and  a  transitional  subsurface  region 
between  the  surface  layer  and  the  core  material. 

At  sufficiently  low  stress  amplitudes,  no  cyclic 
damage  was  Introduced  In  the  btilk,  despite  the 
rapid  generation  and  Interaction  of  dislocations 
In  the  surface  layer. 

Fatigued  A1  2024  specimens  also  exhibited 
preferential  work  hardening  In  the  surface  layers. 

The  change  In  excess  dislocation  densities  for  the 
grains  located  near  the  surface  was  shown  to  fol¬ 
low  a  three-stage  sequence  during  the  fatigue 
life:  an  Initial  rapid  Increase  comprising  the  first 
20  to  25  percent  of  the  life,  a  long  Intermediate  _ 

period  featuring  very  little  change,  and  a  final  ^  :oV 

rapid  enhancement  during  the  last  5  to  10  percent,  ,  ^ 
of  the  life,  coinciding  with  crack  Initiation  andj>. 
growth.  A  critical  excess  dislocation  density 
was  associated  with  fatigue  fracture.  This 
critical  value  was  Independent  of  the  stress  ampli¬ 
tude,  and  varied  according  to  a  Fetch-type 
relationship  for  different  grain  sizes  of  the  same 
alloy.  An  In-depth  analysis,  carried  out  by  step¬ 
wise  removal  of  the  surface  layers  of  cycled 
specimens,  disclosed  a  plastic  response  for  the 


grains  located  In  the  bulk  after  about  5  percent  of 
the  fatigue  life.  The  defect  structure  in  the 
specimen  core  developed  gradually  during  the 
cycling.  The  excess  dislocation  density  for  the 
bulk  Increased  almost  linearly  as  a  function  of 
the  fatigue  life,  with  a  terminal  value  at  failure 
identical  to  the  critical  excess  dislocation  den¬ 
sity  for  surface  grains.  The  fatigue  process 
was  interpreted  as  a  rapid  work  hardening  of  the 
surface  to  form  a  barrier  to  dislocation  egression 
and  rearrangement.  The  dynamic  interplay  between 
the  surface  barrier  and  the  eventual  plastic 
response  activated  in  the  bulk  leads  to  a  critical 
defect  accumulation  at  the  surface  and  incipient 
cracking. 

When  the  fatigue  process  was  interrupted  prior 
to  failure  and  the  surface  layer  was  removed,  a 
striking  recovery  phenomenon  was  observed  throughout 
the  specimen  cross  section  during  subsequent  cycling. 
The  bulk  defect  structure  was  thus  shown  to  be 
extremely  unstable  in  the  absence  of  the  restrain¬ 
ing  influence  Imposed  by  the  work  hardened  surface 
layer.  The  extension  of  the  fatigue  life  of  metals 
by  judicious  surface  removal  was  ascribed  primarily 
to  the  elimination  of  the  surface  barrier,  rather 
than  to  the  removal  of  microcracks. 

The  fatigue  response  at  various  depths  from 
the  surface  was  also  investigated  nondestructlvely 
by  employing  x-ray  radiation  with  differing 
penetration  capabilities.  The  excess  dislocation 
density  of  grains  located  up  to  300  pm  in  depth 
was  examined  using  molybdenum  radiation,  and 
found  to  vary  linearly  with  the  fatigue  life. 

This  steep,  linear  dependence,  in  conjunction 
with  the  early  life  saturation  behavior  of 
surface-grain  densities  measured  with  copper 
radiation,  provided  a  new  criterion  for  predicting 
accurately  the  fatigue  life  and  failure. 
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I.  INTRODUCTION 


A.  AN  HISTORICAL  PERSPECTIVE 

In  the  past  several  decades,  the  contribution  of  the  plastic  response 
both  in  the  surface  layer  and  In  the  bulk  material  to  the  mechanical  behav¬ 
ior  of  metals  has  become  a  subject  of  considerable  Interest  and  controversy. 
Such  Interest  derives,  to  a  great  extent,  from  the  vast  Improvement  and 
diversification  of  experimental  techniques  which  now  permit  the  correla¬ 
tion  of  mlcrostructural  characteristics  to  the  macroscopic  flow  and  frac¬ 
ture  behavior.  However,  despite  the  commonly  evoked  opinion  that  the  free 
surface  exerts  a  strong  Influence  on  the  mlcrostructural  response  of  the 
metal,  and  therefore  plays  an  Important  role  in  determining  its  mechanical 
properties,  no  comprehensive  and  indisputable  explanation  of  the  surface 
effect  has  yet  evolved. 

The  early  investigations  of  fatigue  failure  in  metals  provided 
substantial  evidence  of  the  surface  sensitivity  of  mechanical  behavior. 
Surface  studies  revealed  the  formation  of  slip  bands  and  their  topological 
development  into  intrusions  and  extrusions  associated  with  subsequent 
crack  initiation  and  eventual  failure^'^*.  Other  fatigue  investigations 
focused  on  the  mlcrostructural  developments  in  metals  during  repeated 
stressing5~9 ,  During  the  mid-1960*s,  many  studies  were  made  to  relate 
the  fatigue  induced  defect  structure  with  the  slip  morphology  exhibited  on 
the  surface,  often  with  conflicting  results In  the  early  1970' s, 
Grosskreutz  suggested  a  program  to  integrate  the  elucidation  of  the  topo¬ 
graphical  deformation  characteristics  and  the  mlcrostructural  mechanisms 
controlling  them^5,16.  hope,  though  still  unrealized,  was  to  define 

a  universal  rationale  by  which  to  describe  fatigue  behavior ,  and  then  to 
use  it  in  both  the  control  of  fatigue  resistance  and  the  prediction  of 
fatigue  failure. 

While  surface  effects  were  diagnosed  early  on  as  a  primary  factor  in 
fatigue  performance,  the  origin  of  surface  effects  in  crystal  plasticity 
under  static  loading  conditions  has  also  been  recognized  as  a  subject  of 
fundamental  and  practical  importance Elucidation  of  the  intrinsic 


*A  complete  listing  of  references  is  given  on  page  165. 
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response  of  the  surface  layer  Itself  in  stress  relaxation  or  creep 
experiments  was  vital  to  an  understanding  of  the  synergistic  effect 
between  the  surface  and  the  surrounding  environment.  The  mechanical 
performance  of  metals  subject  to  oxide  formation,  reduced  pressures  or 
vacuum,  aggressive  or  inert  atmospheres,  and  surface-active  or  corrosive 
solutions  has  been  reviewed  in  terms  of  the  changes  produced  in  both  the 
macroscopic  flow  characteristics  and  the  microstructural  development^®. 

There  is  still  much  to  be  learned  regarding  the  role  of  the  surface 
layer  in  determining  the  bulk  mechanical  properties  of  metals  and  alloys. 
The  explanation  and  further  improvement  of  surface  treatments  which  pre¬ 
vent  or  delay  failure  are  contingent  on  positive  diagnosis  of  the  causes 
of  failure,  which  requires  that  the  inconsistencies  inherent  to  many 
previous  studies  be  avoided.  These  derive  from  several  principal 
sources: 

1.  the  inadequacy  of  the  experimental  tool  employed  in  the  analysis 
to  provide  information  concerning  the  microstructural  differences  between 
the  surface  and  bulk; 

2.  the  reliance  on  qualitative  or  indirect  methods  for  characteri¬ 
zing  the  respective  surface  and  bulk  responses  to  the  deformation 
process;  and 

3.  the  use  of  deformation  modes,  such  as  bending,  which  produce  a 
nonuniform  stress  and  strain  distribution  from  the  surface  to  bulk,  and 
therefore  obscure  the  "intrinsic”  differences  in  response  which  may  or 
may  not  occur  if  the  loading  were  uniformly  distributed  over  the  cross 
section. 

The  ensuing  discussion  will  apply  to  the  three  principal  phases 
proposed  to  comprise  the  present  investigation.  The  first  of  these 
constitutes  a  fundamental,  quantitative  analysis  of  the  role  of  the 
surface  layer  in  simple,  tensile  deformation.  The  second  phase  involves 
an  evaluation  of  the  surface  effect  and  its  influence  on  the  bulk  mate¬ 
rial,  related  to  a  more  complex  form  of  deformation,  that  of  fully 
reversed,  axial  fatigue.  The  final  phase  explores  the  capability  of 
x-ray  diffraction  and  topography  to  generate  evidence  of  cyclically 
accrued  "damage,"  which  might  be  used  in  the  prediction  of  the  fatigue 
life  and  ultimate  failure. 


t'. 
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Evidence  of  Surface  Layer  Work  Hardening 


a.  Experimental  Observations.  The  response  of  the  surface  layer  and 
bulk  material  to  plastic  deformation  has  been  the  subject  of  numerous 
Investigative  efforts,  but  of  fairly  limited  agreement.  The  primary 
Interpretive  divergence  of  the  studies  was  related  to  whether  the  surface 
layer  or  the  core  material  "work  hardens"  to  a  greater  extent  during  the 
deformation  process.  Some  investigators  studying  the  deformation  behavior 
of  copper  single  crystals  claimed  to  have  obtained  evidence  that  the  core 
region  of  the  crystals  work  hardens  preferentiallyl9-22.  This  conclusion 
was  based  on  a  combination  of  theoretical  arguments  and  experimental 
results  regarding  the  stress  distribution,  on  TEM  analysis  of  thin  foils 
prepared  at  different  depths  from  the  crystal  surface,  and  on  Interpretation 
of  high-resolution  load-strain  curve  analysis  of  prestressed  crystals. 

Other  Investigators,  however,  using  Identical  experimental  techniques  to 
study  unlaxlally  strained  aluminum  single  crystals,  concluded  that  the 
surface  layers  experience  preferential  work  hardening^^, 24^  jn  addition, 
measurements  of  etch  pit  density  and  of  microhardness  and  x-ray  diffraction 
analysis  have  been  shown  to  support  the  surface  work-hardening  mechanism 
in  both  single  and  polycrystalline  metals25-28. 

The  reasons  for  the  conflicting  conclusions  were  many.  First,  In 
most  cases,  the  analysis  of  the  relative  flow  stress,  dislocation  density, 
or  hardness  of  the  surface  and  core  material  was  performed  after  unload¬ 
ing.  Only  the  stress-strain  analysis  during  continuous  surface  layer 
removal  performed  by  Kramer  and  others  is  exempt  from  this  generaliza- 
tlon29-32.  According  to  Fourie^^,  If,  on  initial  pulling,  the  flow 
stress  was  assumed  to  be  sufficiently  higher  In  the  core,  then  on  unload¬ 
ing,  the  elastic  stress  In  the  bulk  would  put  the  surface  layer  In  resid¬ 
ual  compression.  This  would  lead  to  reverse  plastic  flow  when  the  reverse 
stress  was  exceeded.  The  crucial  question  with  regard  to  reloading  was: 

Does  the  prior  sequence  of  plastic  flow  In  the  surface  layer  lead  to 
subsequent  work  hardening  In  this  region,  as  proposed  by  Brydges^^,  or 
does  the  surface  flow  stress  remain  significantly  lower  than  that  of  the 
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core,  as  contended  by  Fourie  himself?  The  Interpretation  of  experimental 
results  was  often  clouded  by  such  factors  as  (a)  the  effects  of  surface 
relaxation  by  dislocation  egression  after  unloading,  but  prior  to  flow 
stress  analysis,  (b)  the  dependence  of  the  flow  stress  magnitude  on  the 
size  of  the  specimen,  which  is  obviously  altered  by  the  polishing  or 
slicing  necessary  for  relative  flow  stress  determination,  and  (c)  the 
effect  of  superimposed  bending  moments  produced  by  the  compressive  stress 
gradient  during  these  operations.  All  of  these  factors,  as  enumerated 
by  Kramer^^^  contributed  to  the  difficulty  of  trying  to  Isolate  the 
surface  and  bulk  regions  without  altering  them  in  the  process,  and  might 
possibly  Induce  erroneous  results  indicating  a  "softer"  core  character¬ 
istic. 

In  1961  Kramer  first  reported  his  finding  of  nonuniformity  in 
work  hardening  over  the  cross  sectlon^^.  The  "hard"  surface  concept 
evolved  from  experiments  demonstrating  a  reduction  in  the  work  hardening 
rate  when  metal  was  removed  electrochemically  during  the  plastic  strain¬ 
ing.  To  measure  the  contribution  of  the  surface  layer  to  the  overall 
plastic  response  of  the  specimen,  a  sequence  involving  a  prelaoadlng 
and  unloading  step,  followed  by  surface  layer  removal  or  annealing 
treatment  and  reloading,  was  prescribed.  The  resulting  decrease  in  the 
Initial  flow  stress  on  reloading  from  its  original  terminal,  value  of 
the  preload  step  was  ascribed  to  the  elimination  of  the  plastic  resist¬ 
ance  plastic  resistance  afforded  by  the  work  hardened  surface  (Figure  1). 
The  behavior  was  found  typical  of  several  fee  single  crystal  metals 
including  gold^^,  and  of  polycrystalline  aluminum,  copper,  gold,  and 
Iron^^.  Etch  pit  measurements  on  polycrystalline  copper  by  Vellaikal 
and  Washburn  revealed  a  higher  dislocation  density  at  the  surface^^. 

Kolb  and  Macherauch  made  a  similar  observation  for  polycrystalline 
nlckel38.  Later  investigations  by  Kramer  reported  both  a  decrease  in  the 
apparent  activation  energy  with  polishing  during  plastic  deformation  and 
an  Increase  in  activated  volume  as  the  polishing  rate  was  increased39,40. 
For  single  crystals  and  pure  metals,  the  activation  volume  could  have 
Increased  only  if  the  dislocation  density  was  caused  to  decrease. 

Since  a  preponderance  of  the  experimental  evidence  appears  to  favor 
preferential  surface  work  hardening,  some  of  the  mechanistic  models  and 
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Figure  1.  Determination  of  surface  layer  stress 
Induced  by  tensile  deformation:  (a)  decrease  In  the 
Initial  flow  stress  after  removal  of  the  surface  layer 
or  annealing  at  35  C,  for  an  aluminum  single  crystal 
pulled  at  3°C;  and  (b)  comparative  shear  stress  for 
flow  In  the  surface  and  bulk  regions. 
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related  research  supporting  the  concept  are  Introduced  in  the  following 
section. 

b.  Surface  Layer  Work  Hardening  Mechanisms.  Many  conceptual  models  for 
dislocation  generation  and  interaction  have  been  proposed  to  explain 
the  "hard"  surface  layer  phenomenon.  Most  of  these  models  particularly 
when  they  act  in  combination,  view  the  surface  as  both  an  easy  source 
of  dislocations  and  a  potential  obstacle  to  their  motion^O*^!.  The 
former  characteristic  is  often  argued  according  to  an  image  force  concept, 
predicting  a  relatively  small  stress  to  operate  a  Frank- Read- type  or 
Fischer  source^^"^^.  The  stress  to  induce  glide,  and  hence  operation 
of  the  source,  is  taken  to  be  inversely  related  to  the  distance  between 
pinning  points,  which  for  a  dislocation  line  lying  normal  to  and  unpinned 
at  the  surface  is  effectively  twice  its  actual  length.  Additionally, 
when  surface  stress  concentrations  exist,  metals  with  high  surface 
energy  and  low  stacking  fault  energy  should  yield  by  surface  nucleation 
of  dislocations  at  appreciably  lower  stresses  than  the  theoretical  stress 
for  bulk  or  catastrophic  yleld^^.  Such  stress  raisers  may  be  on  the 
order  of  microdefects  or  monotonlc  surface  steps.  These  are  not  usually 
resolved  by  conventional  metallography  techniques,  but  are  revealed 
easily  by  x-ray  topography^^"^^.  These  two  mechanisms  of  preferential 
multiplication  and  nucleation  of  dislocations  constitute  the  first  step 
toward  the  surface  layer  formation. 

The  second  pertinent  element  in  the  argument  is  essentially  one  of 
"retention."  Fourie's  model  implicitly  assumes  that  the  dislocations 
escape  from  the  surface,  either  outward  or  Inward,  faster  than  they  are 
generated.  The  "hard"  surface  concept,  on  the  other  hand,  predicts  that 
the  cumulative  effects  of  enhanced  dislocation  generation  and  subsequent 
plleup  prevent  egression,  and  lead  Instead  to  greater  work  hardening  in 
the  surface  layer.  One  theoretical  analysis  of  plleup  formation  and 
growth  in  a  crystal  with  a  random  distribution  of  growth  dislocations 
suggests  that  the  rate  of  multiplication  by  surface  sources  exceeds 
considerably  that  due  to  internal  sltes^®.  It  would  be  reasonable  to 
assume  that  the  converse  would  also  hold.  Aside  from  the  contention 
that  the  close  proximity  of  defects  associated  with  the  high  surface 


concentration  acts  by  Itself  to  Increase  the  potential  for  Interaction 
and  work  hardening,  other  explanations  are  equally  admissible.  The 
plleup  formation  has  been  ascribed  to  a  variety  of  mechanisms  which  Inhlb- 
blt  egression  at  the  free  surface  and  heighten  the  Interaction  potential. 
For  Instance,  Image  forces  may  propel  unstable  dislocations  located  near 
the  surface  In  an  outward  direction,  where  they  experience  the  action  of 
the  displacement  field  due  to  relaxation  of  the  surface  lattlce^^ 

Continued  glide  would  then  require  an  Increase  In  the  Burgers  vector  and 
the  eventual  separation  Into  partlals.  When  Immobile  dislocation  tails 
are  left  behind,  they  prevent  the  emergence  of  dislocations  generated 
In,  and  egresslng  from,  the  bulk52.  Other  contributors  to  the  Inherent 
"barrier"  aspect  of  the  free  surface  Include  the  promotion  of  the  Interac¬ 
tion  of  defects  in  the  surface  layer  by  gradients  In  the  vacancy  or 
solute  concentrations,  line  tension  effects,  and  the  energy  requirement 
to  produce  surface  steps  at  the  point  of  emergence  of  screw  dlsloca- 
tlon53, 23,46,  >rjje  end  result,  a  zone  featuring  a  high  dislocation 
density  and  a  high  degree  of  entanglement  created  at  or  near  the  surface, 
causes  the  predominance  of  surface  work  hardening,  at  least  during  the 
Initial  stages  of  plastic  deformation^^. 

Finally,  dislocation  plleup  and  concomitant  surface  layer  work 
hardening  can  be  ascribed  partlcally,  or  exclusively,  to  the  presence  of 
oxide  and  metal  films.  "Trapping"  or  "blocking"  of  egresslng  dislocations 
by  oxide  films  has  been  proposed  to  account  for  aggravated  plleup  and 
associated  Increases  In  the  CRSS  and  hardening  rate  for  specimens  suscep¬ 
tible  to  surface  oxldatlon55“57,  ^  "locking"  of  surface  dislocation 
sources  by  solid  surface  films  was  suggested  by  other  scientists  to 
explain  the  Increased  resistance  to  Initial  plastic  flow58,59^  but  the 
mechanisms  did  not  explain  the  stress-strain  curve  slope  changes. 
Peripheral  experiments  showing  an  extension  of  the  uniaxial  deformation 
stages  I  and  II,  and  a  corresponding  reduction  In  their  slopes,  during 
testing  in  surface-active  agents  have  been  Intet  preted  In  terms  of  the 
weakening  effect  of  physical  adsorption^O  g^d  oxide  film  removal  The 

softening  observed  In  studies  on  nonoxidizing  metals,  however.  Indicated 
that  the  presence  of  a  strong  film  was  not  a  necessary  prerequisite  for 
dislocation  plleup  at  the  surface^^.  Further,  it  was  argued  that  the 


failure  to  witness  the  softening  effect  for  "clean-surface"  specimens 
under  agressive  environmental  conditions  could  be  alternatively  explained 
by  the  absence  of  a  soap  reaction  for  this  surface  condition,  rather 
than  to  the  failure  to  oxidize^2. 

Summarizing  the  preceding  discussion,  it  is  clear  that  the  free 
surface  can  function  independently  as  a  source  of  dislocation  nucleatlon 
and  multiplication  and  as  a  barrier  to  dislocation  egression.  The 
preferential  generation  and  retention  of  dislocations  leads  to  surface 
layer  work  hardening,  the  predominance  of  which  is  magnified  when  acting 
in  conjunction  with  a  hard  surface  layer  or  film. 

c.  "Surface  Layer  Stress"  Measurements.  When  dislocations  formed  during 
the  early  stages  of  deformation  were  trapped  in  the  near-surface  region 
to  form  a  kind  of  "debris"  layer,  Kramer  suggested  that  a  "back"  stress 
was  Introduced  by  the  plled-up  arrays,  which  opposed  the  motion  of  other 
dislocations  into  the  surface  layers^^.  A  greater  stress  then  had  to  be 
Imparted  to  the  specimen  to  attain  a  given  strain  than  would  have  been 
required  if  the  work  hardening  were  uniform  and  equivalent  to  the  bulk 
level  throughout  the  cross  section.  The  additional  stress  required  was 
defined  as  the  "surface  layer  stress"  and  represented  the  extra  work 
hardening  or  resistance  to  dislocation  motion  associated  with  the  surface 
layer.  It  should  be  emphasized  that  the  "surface  layer  stress"  represents 
an  Increased  surface  plastic  resistance  and  is  not  appropriately  described 
as  a  residual  stress. 

For  fee  single  crystals  the  work  hardening  during  stage  I  deformation 
was  found  to  be  exclusively  associated  with  the  surface  layer^^.  At  the 
end  of  the  easy  glide  stage,  the  CRSS  was  equal  to  the  difference  of  the 
applied  and  surface  layer  shear  stresses.  Thus,  as  the  back  stresses 
increased  with  Increasing  strain,  slip  on  secondary  systems  could  not 
start  until  the  applied  stress  exceeded  the  sum  of  the  surface  stress 
and  the  stress  required  to  activate  the  sources.  Similar  findings  for 
polycrystalline  aluminum  and  gold  disclosed  in  addition  that  the  surface 
layer  stress  varied  with  the  plastic  strain  level  according  to  the  typical 
power  relationship  embodied  by  the  strain-hardening  exponent^^. 


The  stress  fields  in  the  surface  layer  were  shown  to  have  a  short- 
range  characteristic,  demonstrated  by  their  disappearance  after  a  short, 
low-temperature  anneal,  and  also  to  exhibit  a  long-range  stress  effect 
arising  from  interactions  between  the  surface  stress  fields  and  mobile 
dislocations  approaching  from  the  bulk  regions  63,65.  xhe  depth  of  the 
surface  layer  was  reported  to  be  about  76  to  127  pm^^,  corresponding  to 
the  value  Axoo  appearing  in  the  proposed  surface  stress  profiles  repro¬ 
duced  from  Kramer's  work  in  Figure  2a.  The  magnitude  of  the  surface  layer 
stress  was  alternatively  characterized  in  terms  of  the  threshold  stress 
for  visible  slip  in  polycrystalline  specimens  (Figure  2b),  and  a  connec¬ 
tion  was  postulated  between  the  surface  stress  and  the  flow  stress  size 
ef fect6^. 

No  detailed  description  of  the  surface  layer  was  given,  although  it 
was  suggested  that  a  decreasing  dislocation  density  gradient  within  the 
slip  bands  from  the  surface  to  the  bulk  might  account  for  the  correlative 
flow  stress  gradient^^.  It  is  evident,  therefore,  that  quantitative  ana¬ 
lysis  of  the  defect  distribution  with  depth  and  elucidation  of  the  re¬ 
spective  surface  and  bulk  microstructures  induced  by  plastic  deformation 
are  critical  to  the  confirmation  of  the  "hard"  surface  predominance. 

2.  Role  of  the  Surface  Layer  in  Metal  Fatigue 

a.  Fundamental  Deformation  Characteristics  of  Fatigue  Failure.  Fatigue 
performance  has  long  been  known  to  be  critically  dependent  on  the  condi¬ 
tion  of  the  exterior  surface  of  metal  components.  It  is  generally  agreed 
that  fatigue  cracks  originate  in  the  surface  region.  However,  despite  the 
considerable  effort  expended  in  the  last  two  or  three  decades  to  under¬ 
stand  the  mechanisms  governing  crack  initiation  and  propagation,  no  real 
consensus  on  what  constitutes  fatigue  "damage"  prior  to  these  processes 
has  yet  emerged.  Description  of  the  mlcrostructural  fatigue  damage, 
which  serves  as  a  precursor  to  failure,  should  enhance  the  capability  for 
control  of  fatigue  resistance.  It  should  also  permit  the  estimation  of 
fatigue  life  under  a  variety  of  stress,  temperature,  and  environmental 
conditions,  as  well  as  the  prediction  of  the  remaining  life  of  components 
already  in  service. 
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(a) 


DEPTH  FROM  SURFACE ,  X  (/tm) 


Figure  2.  Evidence  of  preferential  surface  work  hardening, 
(a)  alternative  residual  stress  distributions  in  the  surface 
layer  and  bulk  material  after  plastic  deformation;  and  (b) 
threshold  stress  for  plastic  flow  of  A1  201A-T6  as  a  function 
of  depth  from  the  surface,  measured  from  the  first  appearance  of 
slip  bands. 
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As  mentioned  earlier  in  the  brief  introductory  chronology  of  fatigue- 
related  research,  the  first  observations  were  confined  to  the  fundamental 
deformation  characteristics  of  cycled  metals.  Limited  by  the  available 
optical  microscope  techniques,  these  studies  concentrated  on  interpret¬ 
ing  the  surface  topography,  such  as  slip  bands  and  intrusion  and  extrusion 
strlatlon  markings,  in  terms  of  their  topological  counterparts,  namely, 
slip  mode  and  homogenization,  and  crack  formation  and  propagation  pheno¬ 
mena.  T!ie  association  of  incipient  cracks  with  persistent  slip  bands 
(PBS's)  was  detected  by  Thompson  et  al.^^.  The  early  appearance  of 
the  PSB's  indicated  that  the  balance  of  the  fatigue  life  was  consumed 
by  the  crack  propagation  process.  Grosskreutz  reported  that  crack  ini¬ 
tiation  in  the  structural-type  alloys,  A1  2024-T3  and  4130  steel,  was 
delayed  until  60-70  percent  of  the  total  fatigue  life  had  been  expended^^. 
Fatigue  cracks  were  also  reported  to  originate  at  Intrusions  and  extru- 
sions2“^>68.  Using  a  tapered  section  technique.  Wood  et  al.  confirmed 
the  propensity  for  fatigue  crack  initiation  in  the  surface  reglon^^. 

The  surface  morphology  was  later  correlated  to  mlcrostructural 
characterizations  facilitated  by  the  advent  of  electron  microscopy.  A 
distinction  was  observed  among  various  metals,  founded  on  their  potential 
for  dislocation  motion^^.  The  ability  to  cross  slip,  which  varies  as 
the  magnitude  of  the  stacking  fault  energy  (SFE),  was  reported  to  influ¬ 
ence  strongly  the  surface  features  and  cracking  mechanism^* ^0,  Low  SFE 
metals  were  usually  reported  to  exhibit  planar  arrays  of  dislocations^^, 
and  were,  therefore,  denoted  as  "planar  slip-mode"  metals®.  The  slip 
band  structure  of  these  metals  and  alloys  (which  Included  titanium, 
magnesium,  stainless  steels,  and  brass)  revealed  dense  bands  of  disloca¬ 
tions  Interspersed  with  dislocations  dependent  on  the  initial  condition 
of  the  metal.  The  hlgh-SFE,  or  "wavy  slip-mode"  metals  such  as  aluminum, 
copper,  iron,  and  nickel  featured  unrestricted  dislocation  motion  facili¬ 
tated  by  cross  slip,  resulting  in  the  formation  of  interconnected  bands 
containing  dislocation  dipoles,  loops,  and  other  debris29,72,  ^t  high 
strains,  a  cell  structure  was  observed  over  the  entire  section  of  mono¬ 
crystals,  while  at  low  strains  a  bulk  structure  consisting  of  dipole 
clusters  or  veins  was  correlated  to  the  PSB's  at  the  surface^®. 


It  was  evident,  however,  that  cross  slip  was  not  basic  to  the  forma¬ 
tion  of  PSB's.  Nine  et  al.  carried  out  torsional  fatigue  studies  of 
single  crystal  copper7^i75,  jjj  these  experiments,  it  was  observed 
that  slip  between  the  twist  boundaries  forming  the  sides  of  a  cell-type 
structure  induced  by  low  strain  amplitude  fatigue  easily  accounted  for 
the  striatlon  distribution.  The  ladder-like  cell  structure's  development 
in  copper,  and  its  association  with  fatigue  strlations,  were  also  reported 
by  Laufer  and  Roberts^^.  The  underlying  dislocation  structure  in  this 
system  was  also  studied  by  Levine  and  Weissmann^^. 

Therefore,  while  no  single  mechanism  could  be  credited  with  adverse 
local  concentration  of  plastic  deformation,  and  thus  with  sole  responsi¬ 
bility  for  crack  Initiation,  it  was  clear  that  maintenance  of  a  homogene¬ 
ous  slip  condition  was  essential  to  insuring  good  fatigue  resistance^^.  In 
polycrystalline  materials,  cracks  were  often  found  to  nucleate  at  grain 
boundaries  or  inclusions  when  slip-related  surface  features  failed  to 
provide  the  necessary  stress  intensification  for  cracking76“79.  Watt 
et  al.  conducted  experiments  which  showed  the  reproduction  of  original 
slip  bands  after  removal  of  a  300-pm  surface  layer  from  copper  single 
crystals,  and  proposed  that  the  plastic  elements  associated  with  localized 
"reversible”  slip  were  distributed  throughout  the  crystaL,  not  confined 
to  the  surface®®.  Nevertheless,  recent  TEM  studies  of  polycrystalline 
iron  have  shown  that  the  plastic  flow  at  the  surface  always  represents  a 
more  advanced  stage  of  development  than  in  the  bulk,  even  when  the  flow 
has  proceeded  over  the  entire  cross  section®^.  It  has  also  been  shown 
that  surface  treatments  or  testing  under  particular  environmental  condi¬ 
tions,  which  tend  to  cause  enhanced  slip  dispersal  during  cycling.  Increase 
significantly  the  specimen  longevity72f 82,83,  xhe  same  philosophy  has 
been  employed  to  improve  the  fatigue  resistance  of  precipitation-hardened 
alloys  by  thermomechanical  treatment  (TMT),  although  the  impact  of  the 
process  is  not  restricted  to  the  surface  layer.  Again,  the  objective 
was  to  eliminate  heterogeneous  aging  effects  in  the  form  of  precipitate- 
free  zones  (PFZ’s)  prior  to  fatigue  to  promote  a  metallurglcally  stable 
structure  that  would  support  homogeneous  deformation  during  subsequent 
cycling®^. 
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b.  Bulk-Hardenlng/Sof tenlng  Phenomena  Induced  by  Fatigue  Cycling.  Another 
characteristic  of  fatigue  deformation  that  has  been  studied  extensively, 
but  proved  difficult  to  relate  to  crack  initiation  and  failure,  is  the 
cyclic  hardening  or  softening  phenomenon^* It  should  be  noted 
that  fatigue  failures  occur  for  specimens  that  exhibit  work  hardening, 
work  softening,  or  work  hardening  followed  by  work  softenlng^^.  This 
implies  that  any  functional  relationship  between  fatigue  failure  and 
cyclic  hardening  or  softening  would  Involve  a  number  of  fatigue  mechan¬ 
isms.  One  controlling  factor  in  determining  the  operating  mechanism  has 
been  identified  as  the  stress-strain  amplitude.  The  cyclic  strain-hard¬ 
ening  rationale,  defined  by  Feltner  and  Laird®,  stipulated  that  a  corre¬ 
lation  exists  between  low-amplitude  strain-hardening  behavior  and  stage  I 
unidirectional  deformation,  and  between  high-amplitude  strain-hardening 
and  stage  II  unidirectional  testing.  The  former  is  characterized  by  the 
formation  of  dipoles,  while  the  latter  involves  the  formation  of  a  cell 
structure.  Their  cyclic  strain-softening  rationale  assumed  as  a  prere¬ 
quisite  that  "reversed  plastic  flow"  occurs  and  that  the  rate  of  cyclic 
softening  is  controlled  by  frictional-type  impediments  to  mobile  disloca¬ 
tions. 

Experimentally,  these  investigators  determined  that  a  saturated  con¬ 
dition  was  achieved  for  annealed  fee  metals  after  about  15-20%  of  the  life. 
The  stress  response  of  cold-worked  specimens  required  about  50%  of  the 
total  life  to  attain  a  stabilized  condition.  Surprisingly,  the  micro¬ 
structure  at  saturation  was  essentially  the  same  for  both  the  annealed  and 
cold-worked  specimens  for  representative  metals  of  both  slip  mode  charac¬ 
ters.  The  saturation  stress  was  found  to  be  a  unique  function  of  the 
cyclic  strain  range,  strain  rate,  and  temperature.  Further,  its  apparent 
Independence  of  prior  strain  history  permitted  the  postulation  of  a 
"cyclic  mechanical  equation  of  state." 

Both  McGrath  and  Bratina^  and  Lukas  and  Klesnil^®  studied  the  cyclic 
hardening  in  bcc  iron  and  found  surface  features  and  microstructures 


*These  results  are  of  particular  Interest  and  pertinence  to  the  pre¬ 
sent  Investigation  since  the  same  alloy  was  chosen  for  the  surface  studies. 
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similar  to  those  obtained  for  fee  metals.  The  transient  saturation-hard¬ 
ening  stage  has  been  aseribed  to  a  deerease  in  the  produetlon  of  fresh 
disloeations,  eoupled  to  a  "flip-flop"  motion  of  existing  disloeations^*^^. 

Greenhut^^  studied  the  eyelie  deformation  of  A1  2024*  and  eharaeter- 
ized  the  substruetural  response  eontributing  to  the  fatigue-hardening 
proeess.  The  alloy  had  a  blmodal  nature;  one  preeipltate  eonslstlng  of 
S"-S'-S  particles,  depending  on  the  aging  treatment,  and  the  other  tenta¬ 
tively  identified  as  an  a(AlMnSi)-a(AlFeSl)  incoherent  Inclusion. 

TEM  analysis  of  the  ambient-temperature  aged  alloy  revealed  the  formation 
of  prismatic  disocation  loops  by  the  interaction  of  moving  dislocations 
and  the  inclusions  early  in  the  cycling  process.  Acting  as  a  barrier  to 
dislocation  motion,  these  loops  produced  a  finer,  high-density  dislocation 
loop  debris  which,  at  failure,  formed  the  boundaries  of  a  cell-like  struc¬ 
ture. 

Recalling  Feltner  and  Laird's  proposal  that  the  saturation  stress  is 
Independent  of  the  prior  strain  history®,  it  must  be  presumed  that  cold- 
worked  metals  must  undergo  a  transient  stage  of  cyclic  reversion  of  the 
prior  deformation  to  achieve  the  deformation  substructure  characteristic 
of  saturation  condition  of  annealed  specimens.  For  design  purposes,  this 
behavior  is  distinctly  problematic,  since  the  strength  properties  in  low- 
cycle  fatigue  would  be  significantly  less  than  expected  from  the  monotonic 
testing^®.  As  expressed  by  Grosskreutz^^ ,  the  softening  effect  signifies 
a  loss  in  "load-carrying  ability"  and  can  thus  be  viewed  as  detrimental 
degradation  of  the  high-strength  microstructure  produced  during  the  pre¬ 
stressing  or  prestraining  operation.  Age-hardened  alloys  have  been 
reputed  to  be  especially  susceptible  to  softening  effects.  Since  these 
alloys  are  hardened  by  a  metallurgical  process,  the  softening  mechanism 
proposed  by  Forsyth^^,  involving  a  redissolution  of  precipitates  by  the 
repeated  and  systematic  cutting  by  dislocations,  is  a  plausible  though 
somewhat  disputed^®  hypothesis. 

On  the  other  hand,  if  extended  life  rather  than  fatigue  strength  is 
the  primary  design  criterion,  softening  can  be  credited  with  beneficial 
results.  Studies  of  A1  and  A.y,  single  crystals  cycled  in  the  bending  mode 
have  shown  that  alternating  between  high  and  low  strain  amplitudes  is 
capable  of  delaying  crack  initiation  and  reducing  the  crack  propagation 
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The  sequence  of  amplitude  changes  promoted  climb-  and  glide- 
aided  substructural  recovery  and  reduced  the  deleterious  effect  of  intro¬ 
duced  grain  boundaries  in  the  crystals,  increasing  the  average  life  by 
about  four  times*  Since  the  behavior  was  found  comparable  to  that  produced 
by  intermittent  annealing,  the  softening  due  to  intermittent  low-strain 
cycling  was  ascribed  to  the  dislocation  rearrangement,  stimulated  by  an 
ample  vacancy  supply  from  nonconservative  motion  of  jogged,  oscillating 
dislocation  segments. 

c .  Correlation  of  Surface  Layer  Work  Hardening  to  Fatigue  Failure.  The 
hardening  and  softening  behavior  recounted  in  the  previous  section  has 
earned  acceptance  as  a  tenable  bulk  process.  However,  the  relationship 
between  fatigue  failures  and  the  cyclic  hardening  or  softening  was 
further  complicated  by  the  findings  of  Grosskreutz^^.  He  reported  that 
slices  cut  from  cyclically  failed  copper  specimens  exhibited  fatigue  lives 
comparable  to  that  of  the  original  specimen  and  concluded,  therefore, 
that  the  "damage’  introduced  to  the  copper  during  the  initial  fatigue 
process  was  harmless,  serving  only  to  determine  the  flow  stress.  The 
Implication  that  the  bulk  hardening  or  softening  under  constant-amplitude 
cycling  was  significant  only  in  terms  of  the  dynamic  strength  properties 
of  the  metal  lent  support  to  the  growing  evidence  that  the  fatigue  }ife 
was  critically  dependent  on  the  surface  hardening  or  softening  behavior. 

Fourle  Invoked  the  opinion  that,  while  at  the  outset  there  is  no  sub¬ 
stantial  difference  in  plastic  resistance  for  the  surface  or  interior, 
during  deformation  a  variation  emerges  due  to  the  inefficiency  of  cyclic 
strain  hardening  near  the  surface  of  annealed  crystals^®^.  Argon  then 
argued  that  "damage"  accrues  by  void  and  porosity  concentration  in  the 
slip  bands,  shown  to  be  "soft"  by  micro-hardness  measurements,  such  that 
incipient  cracks  are  nucleated 1^2,  a  vacancy  production  mechanism  during 
hlgh-amplltude  cycling  was  correlated  to  the  recovery  and  fragmentation 
of  hard  surface  layers  Introduced  by  prior  surface  treatment,  and  ulti¬ 
mately  with  condensation  into  voids  to  cause  failure.  This  recovery 
mechanism  is  obviously  in  contrast  to  the  beneficial  vacancy-aided  bulk 
recovery  thought  to  be  promoted  by  the  low-amplitude  blocks  of  a  varlable- 
ampl.^.tude  fatigue  program^^"^®®. 
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Early  In  the  1950's,  Vitovec  also  observed  that  limited  cycling  at 
high  strain  amplitude,  prior  to  fatigue  at  a  lower  strain,  resulted  in 
considerable  extension  of  the  fatigue  life^®^.  Conducted  in  the  bending 
mode,  the  improvement  in  fatigue  performance  was  described  in  terms  of  a 
"training"  effect  in  which  the  surface  region  was  strengthened  so  as  to 
resist  further  fatigue  damage.  The  hardening  aspect  was  shown  experi¬ 
mentally  by  a  decreasing  gradient  in  the  etching  rate  from  surface  to 
bulk,  indicative  of  a  higher  dislocation  density  at  the  surface  (Figure 
3).  On  the  basis  of  the  applied  stress  distribution  in  bending,  prefer¬ 
ential  surface  work  hardening  would  not  be  an  unexpected  result.  Later, 
however,  uniaxial  fatigue  of  polycrystalline  aluminum  and  copper  also 
revealed  an  increase  in  the  "surface  layer  stress"  compared  to  the  bulk 
material^®^* In  these  investigations  it  was  shown  that  the  cycling 
Increased  the  flow  stress  and  activation  volume  of  the  specimens. '  But 
when  the  surface  layer  was  removed,  the  flow  stress  and  activation  volume 
reverted  to  their  original  uncycled  values.  Kramer's  work  on  fatigue  of 
precycled  commercial  alloys revealed  a  behavior  comparable  to  that 
observed  earlier  by  Vitovec.  When  a  short  period  of  high-amplitude 
cycling  was  performed  prior  to  cycling  to  failure  at  a  lower  amplitude,  an 
anomalous  life  extension  was  obtained.  The  life  Increased  as  the  decre¬ 
ment  in  stress  amplitude  Increased,  and  decreased  if  the  prior  fatigue 
was  carried  beyond  a  certain  limiting  number  of  cycles  (Figure  4).  The 
imposition  of  a  "hard"  surface  layer  by  prestraining  bears  some  resem¬ 
blance  to  the  improved  resistance  to  damage  afforded  by  long-employed 
surface  preparation  techniques  such  as  shot  peening^®^,  and  surface 
rollingl*^2, 108  which  introduce  compressive  residual  stresses  to  the  sur¬ 
face  layers. 

In  summary,  the  divergent  conclusions  drawn  from  similar  experiments 
demonstrate  the  complexity  of  the  fatigue  process.  Thus,  bulk  softening 
was  shown  to  have  a  deleterious  effect  on  dynamic  strength  properties,  but 
a  beneficial  life  extension  is  gained  through  bulk  substructural  recovery 
Induced  by  low-strain  cycling.  At  the  surface,  on  the  other  hand,  both 
detrimental  softening  within  the  slip  bands  and  progressive  surface  layer 
work  hardening  have  been  shown  to  lead  to  crack  initiation.  In  addition, 
deformatlve  surface  treatments  or  prestralnlng  has  led  to  life  extension. 
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Figure  4.  Determination  of  the  surface  layer  stress 
Induced  by  fatigue,  and  its  change  with  the  number  of  cycles 
under  variable  amplitude  loading:  (a)  typical  composite  stress- 
strain  curve  showing  the  Increase  in  strain  during  stress 
cycling,  and  the  decrease  in  the  flow  stress  after  surface 
removal  and  reloading;  and  (b)  Increase  of  the  surface  layer 
stress  during  cycling  at  ±172  MPa,  after  limited  periods  of 
prior  fatigue  at  ±276  MPa  for  A1  2014-T6. 
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Still  another  important  aspect  in  surface-related  fatigue  processes  is 
the  effect  of  surface  removal  and  environment. 

Recent  studies  of  the  beneficial  effects  of  surface  removal  are  an 
interesting  complement  to  the  long-employed  shop  practice  of  machining 
the  surface  of  service  components  subjected  to  fatigue.  Thompson  et  al. 
showed  that  intermittent  removal  of  30  um  from  the  surface  of  copper  spe¬ 
cimens  prolonged  their  fatigue  life.  He  attributed  this  effect  to  the 
elimination  of  PSB's  and  incipient  cracks^^.  Alden  and  Backofen  showed 
that  periodic  surface  removal  or  annealing  treatment,  if  performed  prior 
to  saturation  hardening,  substantially  prolonged  the  fatigue  life  of  al\im- 
inum  single  crystals^.  They  ascribed  the  Improvement,  however,  not  to  a 
removal  of  accumulated  damage,  but  rather  to  a  prolonged  period  of  random 
slip  step  emergence  at  the  surface,  and  thus  a  postponement  of  slip  con¬ 
centration  and  cracking  in  this  region. 

Recent  TEM  studies  of  single  and  polycrystalline  copper  subjected  to 
tension-compression  fatigue  in  an  aggressive  environment  have  been  inter¬ 
preted  in  terms  of  the  cracking  process  or  mechanism^2,  por  the  single 
crystals.  Increased  life  spans  due  to  the  suppression  of  crack  propagation 
were  attributed  to  the  blunting  of  cracks  by  preferential  corrosion  of 
PBS's.  For  the  polycrystalline  specimens,  reduced  lives  were  ascribed  to 
the  acceleration  of  Intergranular  crack  initiation  and  propagation  by  the 
corrosive  medium.  Similar  tests  performed  on  Cu-5%A1  single  crystals 
again  indicated  a  mechanism  in  which  the  corrosive  medium  attacked  the 
PSB,  “unraveled"  the  dislocations,  and  caused  a  rearrangement  of  the 
normal  fatigue-induced  "vein"  structure®^. 

The  fatigue  resistance  in  vacuum  has  also  been  found  to  exceed  sub¬ 
stantially  the  normal  life  in  air  for  Fe-3.72S1  specimens  cycled  at  con¬ 
stant-strain  amplitude®^.  The  absence  of  strlatlons  for  aluminum  alloys 
fatigued  in  vacuum  had  been  previously  interpreted  as  complete  reversion 
of  the  crack-opening  displacement,  a  mechanism  termed  "reweldlng,"  since 
oxidation  of  the  newly  created  free  surfaces  was  prevented^O^,  Snowden 
postulated  that  the  observed  Intergranular  crack  initiation  in  air  and 
transgranular  cracking  in  vacuum  was  related  to  the  reduction  in  grain 
boundary  energy  by  a  similar  oxygen  absorption  process Shen  et  al. 
suggested  that  the  primary  reason  for  Improved  resistance  in  vacuum  was 
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more  efficient  dislocation  egression  due  to  the  absence  of  an  oxide 

Kramer,  who  cooperated  In  this  latter  study,  and  his  co¬ 
worker  Kumar,  found  additionally  that  the  "surface  layer  stress",  as 
well  as  the  rate  of  cyclic  hardening,  was  less  for  specimens  cycled  at  re¬ 
duced  pressures  or  in  an  inert  atmosphere^ In  the  same  study,  the 
surface  layer  stress  of  T1(6A1-4V)  Increased  markedly,  while  the  fatigue 
life  decreased  when  tested  in  solutions  known  to  promote  corrosion  fatigue 
and  stress  corrosion  cracking. 

In  consideration  of  the  work  hardening  exhibited  by  the  surface  layer 
of  fatigued  metals,  Kramer  questioned  whether  the  Increase  in  life  normal¬ 
ly  attained  on  surface  removal  was  due,  in  fact,  to  the  elimination  of 
cracks  and  slip  bands  ng  proposed.  Instead,  that  the  behavior  might 

be  more  accurately  described  as  an  elimination  of  the  barrier  to  disloca¬ 
tion  motion  represented  by  the  preferentially  work-hardened  surface  layer. 
According  to  this  concept,  when  the  obstacle  strength  of  the  surface  layer 
becomes  sufficiently  great  to  support  a  piled  up  array  of  dislocations  of 
like  sign,  a  crack  would  form  when  the  local  stress  in  the  pileup  exceeds 
the  fracture  strength,  in  accord  with  the  fracture  theory  proposed  by 
Stroh^^^.  The  plleup  would  not  have  to  be  a  linear  array;  rather,  the 
accumulation  of  dislocations  of  like  sign  needs  only  to  satisfy  the  condi¬ 
tion  that  the  net  addition  of  the  cumulative  stress  fields  exceeds  the 
fracture  strength.  Given  the  decreasing  dislocation  gradient  from  the 
surface  into  the  bulk,  the  elastic  energy  would  be  dissipated  over  a 
short  propagation  distance,  requiring  further  cycling  to  reestablish  the 
failure  criterion  for  continued  crack  growth.  The  concept  implies  that 
the  surface  layer  stress  must  reach  a  critical  value.  Independent  of 
stress  amplitude,  in  order  for  cracking  to  be  initiated.  In  a  comprehen¬ 
sive  evaluation  of  the  surface  layer  stresses  generated  by  fatigue  in 
various  commercial  alloys^^^,  this  behavior  was  confirmed.  Reference  to 
Figure  4(b),  taken  from  similar  work^^b^  discloses  the  invariance  of  the 
critical  surface  layer  stress  even  under  complex  loading  conditions. 

A  wide  range  of  x-ray  analysis  techniques,  from  conventional  line 
broadening  to  mlcrobeam  methods,  were  employed  by  Taira  et  al.  to  confirm 
the  close  correlation  of  the  surface  microstructure  to  fatigue 
failure^^^*^^^.  Much  of  their  data  for  cycled  steel  specimens  appear  to 
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support  the  cyclic  generation  of  a  "hard"  surface  layer.  Composite  illus¬ 
trations  of  the  dependence  of  the  "halfvalue  breadth"  (lattice  misorien- 
tation),  Vlcker's  hardness,  and  residual  compressive  stress  as  functions 
of  both  the  fatigue  life  and  depth  from  the  surface  are  reproduced  from 
their  study  in  Figures  5  and  6,  and  will  be  discussed  in  more  detail  with 
regard  to  fatigue  life  prediction.  The  results  indicated  that  the  damage 
produced  and  stored  in  the  surface  layer,  reaching  to  a  depth  of  about 
one  grain’s  diameter,  substantially  exceeds  that  of  the  bulk  material. 

The  question  as  to  whether  the  life  extension  by  surface  polishing  is  due 
to  elimination  of  this  barrier-like  layer,  or  simply  related  to  the  reduc¬ 
tion  in  surface  relief  and  associated  microcracks,  remains  unanswered. 
Duquette  and  Laird  recognized  this  problem  in  their  discussion  of  the  dif¬ 
ficulty  in  assessing  the  contribution  of  the  dislocation  structure  to  fa¬ 
tigue  damage^^®.  Although  it  is  nearly  impossible  to  return  the  Internal 
microstructure  to  its  initial  state  without  destroying  the  surface  topo¬ 
graphy,  they  propose  that  to  predict  the  total  fatigue  life  it  would  be 
necessary  to  formulate  a  quantitative  description  of  the  severity  of  the 
surface  relief  and  evaluate  the  Importance  of  the  dislocation  structure 
in  the  surface  layer.  Kramer’s  investigations  involving  layer  removals 
from  the  surface  of  fatigued  specimens  have  indicated  that  elimination  of 
the  surface  relief  does  not  account  for  the  major  portion  of  the  extension 
in  life^®.  Removal  of  layers  of  sufficiently  shallow  thicknesses,  to 
eliminate  only  the  slip  bands,  produced  only  small  reductions  in  the 
surface  layer  stress.  The  corresponding  Increases  in  fatigue  life  were 
also  small,  compared  to  the  greater  life  extensions  achieved  by  removing 
the  entire  work-hardened  surface  layer  to  about  100  urn  in  depth. 

The  following  discussion  will  present  a  brief  introduction  to 
fatigue  life  and  failure  prediction,  both  from  "macroparameter"  and 
"microstructural"  approaches.  Although  the  existence  of  a  surface  layer/ 
barrier  has  not  yet  been  fully  confirmed  and  characterized  on  a  micro- 
structural  level,  the  concept  stands  out  as  a  unifying  rationale  for 
various  fatigue  processes,  and  thus  will  be  briefly  examined  as  a  macro¬ 
parameter  in  semi-empirical  fatigue  life  prediction.  X-ray  diffraction 
analysis,  combined  with  reflection  topography,  on  the  other  hand,  exhibits 
great  potential  for  nondestructive  fatigue  failure  prediction  on  the  basis 
of  microstructure. 
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Figure  6.  Distribution  of  b/B,  H^,  and  0^  with  depth  from  the 
surface. 
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regard  to  fatigue  life  prediction.  The  results  Indicated  that  the  damage 
produced  and  stored  In  the  surface  layer,  reaching  to  a  depth  of  about 
one  grain's  diameter,  substantially  exceeds  that  of  the  bulk  material. 

The  question  as  to  whether  the  life  extension  by  surface  polishing  Is  due 
to  elimination  of  this  barrler-llke  layer,  or  simply  related  to  the  reduc¬ 
tion  In  surface  relief  and  associated  microcracks,  remains  unanswered. 
Duquette  and  Laird  recognized  this  problem  In  their  discussion  of  the  dif¬ 
ficulty  In  assessing  the  contribution  of  the  dislocation  structure  to  fa¬ 
tigue  damage^^®.  Although  it  is  nearly  impossible  to  return  the  Internal 
microstructure  to  Its  initial  state  without  destroying  the  surface  topo¬ 
graphy,  they  propose  that  to  predict  the  total  fatigue  life  it  would  be 
necessary  to  formulate  a  quantitative  description  of  the  severity  of  the 
surface  relief  and  evaluate  the  Importance  of  the  dislocation  structure 
in  the  surface  layer.  Kramer's  investigations  involving  layer  removals 
from  the  surface  of  fatigued  specimens  have  Indicated  that  elimination  of 
the  surface  relief  does  not  account  for  the  major  portion  of  the  extension 
In  llfe^®.  Removal  of  layers  of  sufficiently  shallow  thicknesses,  to 
eliminate  only  the  slip  bands  produced  only  small  reductions  in  the 
surface  layer  stress.  The  corresponding  Increases  In  fatigue  life  were 
also  small,  compared  to  the  greater  life  extensions  achieved  by  removing 
the  entire  work-hardened  surface  layer  to  about  100  pm  in  depth. 

The  following  discussion  will  present  a  brief  Introduction  to 
fatigue  life  and  failure  prediction,  both  from  "macroparameter"  and 
■'microstructural”  approaches.  Although  the  existence  of  a  surface  layer/ 
barrier  has  not  yet  been  fully  confirmed  and  characterized  on  a  micro- 
structural  level,  the  concept  stands  out  as  a  unifying  rationale  for 
various  fatigue  processes,  and  thus  will  be  briefly  examined  as  a  macro- 
parameter  in  semiemplrlcal  fatigue  life  prediction.  X-ray  diffraction 
analysis,  combined  with  reflection  topography,  on  the  other  hand,  to 
exhibits  great  potential  for  nondestructive  fatigue  failure  prediction 
on  the  basis  of  microstructure. 
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3.  Prediction  of  Fatigue  Failure 

a.  A  "Macroparametric"  Approach.  Most  attempts  to  predict  fatigue  life 
have  traditionally  employed  a  "macroparametric"  approach  as  defined  by 
Grosskreutz^^.  This  procedure  involved  the  development  of  semi-empirical 
equations  relating  a  macroscopic  mechanical  property  of  a  material  to  its 
fatigue  life,  or  the  number  of  cycles  required  to  induce  failure.  Basquin, 
for  instance,  proposed  that  the  data  from  ordinary  experimentally  derived 
S-N  curves  could  be  expressed  by  a  linear  relation  between  the  logarithms 
of  the  applied  stress  amplitude  and  the  number  of  cycles  to  failure^ 

The  slope  and  intercept  of  the  line  are  now  referred  to  as  the  material- 
dependent  fatigue  strength  exponent  b  and  coefficient  Of',  respectively, 
and  the  predictive  equation  for  controlled  stress  dynamical  behavior  is 
expressed  as 

Og  =  aj'(2Nf)^  (1) 

where  Og  is  the  applied  stress  amplitude  and  Nf  is  the  number  of  cycles 
to  failure.  The  Coffln-Manson  relatlonship^20-121  ;j^g  currently  used  to 
describe  the  Inelastic  cyclic  behavior  under  controlled  strain  conditions, 
or  "thermal"  fatigue,  in  the  form 

Ae^/2=(Aep/2)+(Aeg/2)  =  +  (o^ '/E)(2Nf  )b,  (2) 

where  ASj.  is  the  total  strain  amplitude,  and  Aep  and  Ae^  are  the  plastic 
and  elastic  components  of  the  strain,  respectively;  and  c  denote  the 
fatigue  ductility  coefficient  and  exponent;  and  E  is  Young's  Modulus. 

Since  the  plastic  component  predominates  the  behavior  in  low-cycle  fatigue, 
the  expression  can  be  simplified  to 

Ae^/2  =e^'(2N^)‘'  ^3^ 

The  equations  have  been  combined  ^22  derive  a  parabolic  equation  simi¬ 
lar  to  that  used  to  fit  monotonic  stress-strain  curves,  namely 
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(4) 


‘'a  =  Of'(Aep/2£^')"’ 

where  n'  is  the  cyclic  strain  hardening  exponent  which  like  Of'  and  Cf 
is  related  to  the  monotonlc  counterpart.  This  equation  describes  the 
dynamic  response  after  saturation  has  occurred  and  the  stress  response  is 
relatively  stable.  The  cyclic  stress-strain  curve  is  derived  experimen¬ 
tally  by  drawing  a  curve  through  the  tips  of  the  stabilized  hysteresis 
loops  obtained  for  different  amplitudes.  The  problem  of  predicting  the 
initial  hardening  or  softening  response  in  low-cycle  fatigue,  defined  as 
the  change  in  stress  required  to  enforce  a  given  strain  limit  as  a  func¬ 
tion  of  the  number  of  cycles,  has  been  reviewed  by  Feltner  and  Landgraf^^. 
A  simple,  two-step  test  was  devised  to  measure  and  rank  materials  accord¬ 
ing  to  their  ability  to  resist  repeated  stressing  or  straining  for  a  given 
life  level,  taking  both  the  initial  and  saturation  behaviors  into  account. 
Equation  3  has  been  modified  to  use  the  plastic  work  per  cycle  Wp,  as  the 
input  variable  of  the  failure  criterion  under  total  plastic  strain  control 
conditions  when  there  is  often  no  tendency  for  saturation,  i.e.,  the  plas- 
tic  strain  continues  to  change  with  N  .  The  invariance  of  Wp  with  the 
number  of  cycles  gave  rise  to  a  single  straight  line  log-log  plot  when 
substituted  as  the  independent  variable  in  the  Cof fin-Manson  relation. 

Data  from  several  precipitation-hardened  aluminum-base  copper  alloys, 
including  A1  2024  all  fell  on  the  same  single-segment  line. 

Many  of  these  prediction  laws  are  subject  to  inconsistencies  caused 
by  effects  such  as  notch  sensitivity  and  environmental  attack,  and  con¬ 
comitant  acceleration  of  the  dynamic  crack  Initiation  and  growth  rates  1^^. 
Mircrostructural  inhomogeneities  intrinsic  to  the  test  metal  itself,  pro¬ 
duced  by  the  slip  mode  character,  grain  boundaries,  inclusions,  and  second 
phases,  have  also  hampered  the  semi-empirical  predicition  efforts. 

b.  Cumulative  Damage  Rules.  The  most  severe  hindrance  to  the  prediction 
of  cumulative  damage,  i.e.,  the  addition  of  fractional  damage  incurred 
during  cycling  blocks  with  different  amplitudes,  is  the  load  interaction 
effect  on  the  operating  fatigue  mechanism.  To  be  truly  useful  in  design, 
cumulative  damage  rules  must  incorporate  the  Influence  of  mean  stress  or 
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strain,  and  occasional  overloads.  One  method  for  rectifying  their  contri¬ 
bution  has  been  to  treat  the  occasional  overloads  or  mean-stress  blocks 
as  if  they  were  actually  initial  prestresses,  or  alternatively  to  convert 
the  combination  of  the  peak  amplitude  and  mean  stress  to  a  representative 
reversed-stress  amplitude The  cumulative  damage  formulations  impro¬ 
vised  by  Palmgrenl26^  and  later  by  Mlnerl27^  avoided  these  concerns  by 
assuming  implicitly  that  the  number  of  cycles  at  each  amplitude  always 
advances  the  damage  accumulation.  In  other  words,  the  change  in  the  life 
produced  by  occasional  overloads,  which  could  cause  either  aggravation 
of  the  cracking  process  or  the  imposition  of  favorable  residual  stresses 
at  potential  failure  sitesl28^  or  afforded  by  substructural  recovery  due 
to  large  hlgh-to-low  amplitude  decrements'^ ,  was  essentially  neglected. 

The  hypothesis  suggested  a  linear  addition  of  the  fractions  of  the  total 
life  "used  up"  during  the  cycling  at  each  amplitude  such  that 

);(N/Nf)i  =  1  (5) 

which  should  hold  if  the  extent  of  the  cycling  at  each  level  is  nearly 
equal. 

c.  "Surface  Layer  Stress"  as  a  Damage  Criterion.  Practical  implementa¬ 
tion  of  the  cumulative  damage  rule,  for  example,  to  predict  the  remaining 
life  of  a  metal  component  already  in  service  requires  the  definition  of 
a  damage  criterion  from  which  the  expended  life  can  be  determined  without 
full  knowledge  of  the  prior  cyclic  history.  The  "surface  layer  stress," 
found  by  Kramer  to  vary  as  the  fraction  of  life,  was  uniquely  suited  for 
this  purpose Related  to  Miner's  hypothesis,  the  accumulated  damage 
for  each  stress  block  would  be  expressed  as 

Dj  -  (a  g/o  g*)j_,  (6) 

and  failure  would  be  initiated  when 

“  ICc^s/Os*)!  -  1.  (7) 
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where  the  critical  surface  layer  stress  Og*  was  found  to  be  independent 
of  the  cyclic  stress  amplitude  and  environment. 

In  a  systematic  study  of  A1  2014-T6,  Ti9(Al-4V),  and  4130  steel,  a 
linear  relationship  was  observed  between  Og  and  N  for  constant-stress 
amplitude  cycling  The  slope  of  the  curves  varied  with  applied  stress 

amplitude  according  to  the  typical  power  law. 

S  =  dOg/dN  =  kOa"P  (8) 

where  -P  is  the  slope  of  a  log-log  plot  of  S  for  each  stress  amplitude 
Og.  Since  Og*  =  SNf,  a  Basquln-type  relation  was  derived  and  con¬ 
firmed  such  that 


%  =  (ag*/k)  a^"P.  (9) 

Assuming  that  the  applied  stress  is  to  be  held  constant  or  that  the  slope 
S  for  a  particular  amplitude  is  insensitive  to  past  history,  the  remain¬ 
ing  life  of  a  part  could  be  estimated  by  measuring  the  acculmulated 
surface  layer  stress  Og,  computing  the  fraction  of  the  life  used  up 
from  Equation  (6),  and  computing  the  remaining  cycles  to  failure  at  the 
amplitude  to  be  employed  in  subsequent  testing  as  a  fractional  amount  of 
Nf  in  Equation  (9). 

In  later  studies  of  the  same  alloys,  however,  it  was  observed  that 
the  slopes  S  for  each  testing  amplitude  did  vary  with  the  extent  of  prior 
cycling  at  a  different  amplltude^Ob,  This  required  redefinition  of  the 
slopes,  such  that  the  earlier  simplifiGd  failure  criterion 

rSiNi  =  Og*  (10) 


was  expanded  to  the  form 


NjSj  +  N2S2(Sj/S2)^1  +  N3S3(S2/S3)^2(Sj/S2)^2^1  +. .. 

=  NiSi  +  N2S11+N3S111+  .  .  .  =  SN^Sx  “  ®s*.  (in 

where  Sx  represents  the  modified  slope,  taking  into  account  the  history  of 
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amplitude  changes.  This  formulation  was  found  reliable  for  prediction 
under  variable-amplitude  conditions,  even  in  the  case  of  high-to-low 
amplitude  programs,  as  long  as  the  decrements  were  small  enough  and  the 
frequency  of  change  high  enough  to  avoid  the  anomalous  life  Improvements 
inherent  to  short-duration  overstressing.  Substituting  for  the  slopes 
In  terms  of  the  applied  stress,  equation becomes 

02*/k.  =  +  02^N2  (0^/02)  ’^  +  03^^2(02/0^)  (12) 


The  values  for  ag*/k  and  P  may  be  obtained  from  Equation  (9).  Kramer 
obtained  very  good  agreement  between  the  experimentally  derived 
and  Nf  data  and  their  predicted  values. 

A  more  direct  approach  to  prediction  based  on  the  fatigue-induced 
microstructure  has  thus  far  met  with  little  success.  A  brief  state-of- 
the-art  discussion  of  past  attempts  in  this  direction  is  provided  in  the 
next  introductory  section  to  x-ray  defect  analysis. 

B.  X-RAY  DEFECT  ANALYSIS  AND  APPLICATIONS  TO  FATIGUE 

The  key  to  predicting  fatigue  life  from  a  microstructural  viewpoint 
is  the  isolation  of  a  telltale,  easily  measurable,  material  characteristic 
representative  of  fatigue  damage.  However,  the  complexity  of  the  various 
microstructural  mechanisms  produced  by,  and  responding  to,  the  cycling 
process  inhibits  the  filtering  out  of  a  quantitative  feature  indicative 
of  the  expended  life,  and  thus  of  the  fractional  life  remaining  before 
failure.  As  suggested  by  Taira,  x-ray  diffraction  analysis  provides  a 
unique  and  diverse  selection  of  methods  with  which  to  examine  the  mechan¬ 
ical  behavior  of  metals ^29,  xhe  techniques  are  highly  sensitive  to 
the  changes  in  crystal  structure  and  may  generally  be  applied  nondestruc- 
tively.  They  may  therefore  be  employed  throughout  a  comprehensive  program 
of  materials  research,  including  fundamental  microscopic  studies,  testing 
and  evaluation,  and  design  and  performance  prediction  in  service. 

Many  of  the  early  x-ray  studies  were  devoted  to  the  evaluation  of 
deformation-induced  stresses  which  could  be  considered  to  be  uniformly 
*  distributed  throughout  macroregions  on  the  material.  The  analysis  of  the 
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change  In  the  lattice  spacing  homogeneity  due  to  residual  stresses  from 
the  line  shifts  In  x-ray  patterns  was  studied  extensively  by  Glocker  and 
others^^O, 131 ,  Line  broadening  analysis  methods  were  developed  to  study 
the  stresses  which  were  distributed  on  a  microscopic  scale  from  grain  to 
grain,  or  region  to  region.  Such  mlcrostructural  systems  were  usually 
treated  according  to  a  "mosaic  block"  concept  In  which  the  changes  In 
secondary  extinction  were  correlated  to  the  Integrated  x-ray  Intensity 
Other  microscopic  lattice  disturbances  were  found  to  be  concentrated  over 
highly  localized  regions  and  were,  therefore,  ascribed  to  the  distortions 
around  dislocations.  In  order  to  separate  and  analyze  Individually  the 
contributions  to  the  total  microscopic  strain.  Including  mlcrolattlce 
strains  and  mlsorlentatlons,  and  the  degree  of  the  breakup  Into  sub- 
domains,  or  the  "particle  size"  broadening,  Fourier  analysis  of  the 
profile  shape  has  been  employed xhe  use  of  these  techniques 
and  procedures  to  study  the  metallurgical  processes  associated  with 
particular  fo?ms  of  deformation  began  In  the  1930's.  The  change  In 
x-ray  patterns  when  crystalline  materials  were  cold  worked  was  studied 
extensively  by  Wood  and  co-workers^^b, 137,  Gough  and  Wood  were 
the  first  to  demonstrate  that  a  similar,  though  less  pronounced  asterlsm 
In  the  patterns  was  Induced  by  cyclic  stresslng^^®.  This  observation 
led  them  to  propose  that  one  should  should  be  able  to  Identify  progressive 
fatigue  damage  during  cycling  by  Intermittent  x-ray  pattern  evaluation, 
and  that  dynamic  stressing  In  the  "safe"  range  should  leave  the  patterns 
relatively  unchanged.  Proof  of  such  a  hypothesis,  however,  has  eluded 
scientists  for  many  years.  As  chronicled  In  the  next  section,  the  evi¬ 
dence  of  cyclic  cold  working  has  defied  any  Interpretation  as  fatigue 
"damage,"  and  the  x-ray  diffraction  patterns  obtained  from  cyclically 
stressed  metals  and  alloys  have  failed  to  provide  clearcut  Indications 
of  the  onset  of  fatigue  failure. 

1.  A  "Mlcrostructural"  Approach  To  Fatigue  Life  Prediction 

A  quarter  of  a  century  ago,  Barrett  gave  witness  to  the  existing 
dilemma  regarding  fatigue  life  predlctlon^^^.  The  following  excerpt 
from  his  observations  made  In  1943  Is  relevant  to  the  predicament 
which  still  persists  today: 
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A  reliable  means  of  forestalling  breakage  of  machines 
and  structures  from  fatigue  under  repeated  stress  would  be 
of  Immense  Importance  to  engineers  and  metallurgists.  For 
many  years  there  has  been  a  search  for  some  non-destruc¬ 
tive  test  that  would  predict  the  extent  of  damage  caused 
by  repeated  stresses  and  thus  predict  whether  or  not  the 
stresses  would  lead  to  fracture.  Since  x-ray  methods 
have  been  most  effective  In  revealing  the  internal  struc¬ 
ture  of  metals,  it  Is  natural  that  they  have  been  investi¬ 
gated  hopefully  for  this  purpose,  and  numerous  tests  have 
been  reported,  both  here  and  abroad.  It  seems  to  the 
author  that  these  methods  must  be  regarded  at  present  as 
unreliable  for  practical  use,  yet  papers  continue  to  appear 
expressing  a  favorable  attitude  toward  the  x-ray  methods.* 

Barrett  cited  reports  from  the  Fatigue  Committee  of  the  ASTM  which 
concluded  with  evidence  that  cold  work  was  Induced  by  cycling  in  both  the 
"safe"  and  "unsafe"  ranges  of  stress He  also  proposed  that  the 
manifestation  of  cold  work  in  fatigued  metals,  far  from  representing  cyc¬ 
lic  "damage,”  might  actually  improve  the  resistance  to  fatigue  failure. 
Earlier,  Spencer  and  Marshall  had  reported  little  change  in  the  pattern 
sharpness  of  175-T  A1  until  the  catastrophic  distortions  of  actual  frac¬ 
ture  had  already  been  initiated^^^.  Other  later  investigations  confirmed 
that  line  broadening  could  be  observed  after  cycling  to  a  small  fraction 
of  the  fatigue  life,  but  remained  virtually  unaltered  both  in  extent  and 
intensity  throughout  the  remainder  of  the  lifel^2,143,  was  thus  evi¬ 
dent  that  the  cyclic  introduction  of  cold  work  could  not  be  used  to  esti- 
estlmate  the  span  of  the  fatigue  life,  nor  could  it  be  used  even  to 
diagnose  accumulated  damage  or  imminent  failure. 

More  recent  application  of  the  sophisticated  Warren  Averbach  methodl33 
to  fatigued  metals  also  produced  results  of  limited  predictive  or  diagnos¬ 
tic  value^^^.  Reduction  in  extinction  due  to  the  particle  size  occurred 
after  only  1%  of  the  fatigue  life,  and  saturation  of  the  root  mean  square 
(rms)  strain  occurred  within  the  first  2%  of  the  life  of  copper ^^5,  in 
another  study^^^,  the  change  in  Integrated  intensities  was  correlated  to 
the  formation  of  subdomains,  since  their  0.5  to  1.0  pm  size  measured  by 
TEM  was  comparable  to  the  extinction  distances  in  copper.  The  line 


*  C.S.  Barrett,  Structure  of  Metals;  Crystallographic  Methods, 
Principles,  and  Data,  Ist  ed.  (New  York:  McGraw-Hill,  1943),  pp.  337-38. 


broadening,  on  the  other  hand,  was  associated  with  clusters  of  dislocation 
dipoles  separating  the  subdomains  rather  than  the  distance  between  them. 
These  results  contributed  to  the  understanding  of  the  phenomenological 
aspect  of  fatigue  deformation,  but  the  tendency  for  strain  field  cancel¬ 
lation  Indicated  by  the  minimal  broadening  continued  to  hinder  failure 
prediction. 

Taira  et  al.l29  reported  some  success  using  the  method  of  Hall^^S 
to  separate  the  effects  of  particle  size  and  rms  strain  contributing  to 
the  integral  breadth  of  x-ray  lines.  The  deconvolution  technique  showed 
that  the  mlcrostraln  increased  initially,  but  quickly  attained  a  constant 
value  for  the  balance  of  the  fatigue  life.  Evidence  of  a  slight  decrease 
prior  to  fracture  was  interpreted  as  a  tendency  for  fatigue-induced 
polygonization.  The  particle  size,  however,  displayed  a  continuous  de¬ 
crease  throughout  the  life,  and  the  individual  curves  for  different 
amplitudes  shifted  downward  with  Increasing  strain  level.  It  was  there¬ 
fore  proposed  that  since  the  subgrain  boundaries  were  known  sites  for 
crack  initiation  and  propagation,  subgrain  development.  Indicated  by  the 
particle  size  reduction,  and  increase  in  boundary  dislocation  density 
might  prove  to  be  a  damage  parameter  directly  assoclable  to  imminent  fail¬ 
ure.  To  confirm  this  behavior,  Taira  utilized  a  more  refined  microbeam 
method.  His  previous  analysis  of  Debye  patterns  from  notched  steel  speci¬ 
mens  had  already  been  useful  in  following  the  progressive  changes  in 
microstructure  during  the  fatigue  life^^^* In  these  experiments, 
the  incident  x-ray  beam  was  passed  through  a  1.0  mm-diameter  pinhole  and 
translated  along  the  imposed  notch  in  cantilever  specimens  to  generate  a 
continuous  and  representative  diffraction  ring  for  the  region.  The  half¬ 
value  breadth  of  the  (310)  reflection  line,  measured  mlcrophotometrlcally 
from  the  intensity  distribution,  was  obtained  as  a  function  of  the  life 
fraction.  The  resulting  curve  featured  a  three-stage  sequence  of  half¬ 
value  breath  expansions:  a  marked  Increase  early  in  the  cycling,  a  long 
period  of  nearly  constant  value  during  the  intermediate  fractions  of  the 
life,  and  another  marked  Increase  coinciding  with  the  initiation  of 
fatigue  cracks.  Simultaneous  measurement  of  the  compressive  residual 
stresses  generated  during  the  cycling  showed  that  the  high  stresses  intro¬ 
duced  early  in  the  life  decreased  nearly  to  zero  at  the  onset  of  cracking 
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(Figure  5).  By  further  limiting  the  pinhole  size  to  50  pm,  correspond¬ 
ing  to  a  microbeam  approach^^^,  the  radial  breadth  of  the  diffraction 
line  could  be  correlated  to  a  more  localized  phenomenon,  rather  than 
averaging  the  mlcrostructural  response  In  many  grains.  Taira’s  use  of 
this  technique^ 150  permitted  him  to  measure  the  number  of  subgrains  m, 
and  thus  their  mean  size  t.  In  a  single  grain,  the  total  mlsorlentatlon 
of  the  grain  B,  and  the  mlcrolattlce  strain  Induced  In  the  grain  Ad/d 
for  various  stages  In  the  fatigue  life.  The  trends  portrayed  by  these 
parameters  during  bending  fatigue  of  low-carbon  steel  are  reproduced  from 
this  study  In  Figure  7.  It  can  be  seen  that  the  mlsorlentatlon  and  lat¬ 
tice  strain  Increased  rapidly  early  In  the  life.  Their  magnitudes  were 
found  to  be  Independent  of  the  applied  stress  amplitude  but  extremely 
sensitive  to  whether  or  not  the  analyzed  grain  was  a  site  of  eventual 
crack  Initiation.  The  formation  of  subgrains  proceeded  more  slowly,  and 
for  grains  subject  to  fatigue  cracking  became  the  predominant  response  to 
the  cycling  process  in  the  late  stages.  The  breakup  Into  subgrains  was 
minimal  for  grains  which  did  not  experience  cracking  and  was  not  observed 
at  all  If  the  cycling  was  carried  out  below  the  fatigue  limit.  Finally, 
fatiguing  of  previously  rolled  specimens  produced  a  reduction  In  the 
mlcrostraln,  a  rapid  increase  in  the  number  of  subgrains  to  a  saturation 
level,  and  a  small  Increase  in  the  mlsorlentatlon  or  half-value  breadth. 

While  these  studies  provided  a  wealth  of  quantitative  data  with 
which  to  characterize  the  stages  of  development  of  fatigue  damage,  none  of 
the  analyzed  parameters  could  be  concluded  to  have  significant  potential 
with  regard  to  reliable  fatigue  failure  prediction.  The  Increased  resolu¬ 
tion  of  the  microbeam  technique  over  the  coarser  averaging  methods 
improved  the  capability  to  discern  the  subtle  mlcrostructural  responses 
Induced  by  fatigue.  But  the  sensitivity  of  microbeam  analysis  introduced 
new  disparities  in  the  responses  for  highly  localized  regions,  and  the 
rapid  saturation  of  the  measured  parameters  continued  to  hinder  the 
predlciton  of  failure.  Even  modern  techniques  outside  the  realm  of  x-ray 
analysis,  designed  to  characterize  the  mlcrostructural  response  as  a 
function  of  fatigue  life,  have  been  found  to  generate  descriptive  curves 
with  broad  plateau  regions  over  a  significant  range  of  intermediate  life 
fractions.  Positron  lifetime  data  used  to  measure  the  fatigue  damage  in 
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cycled  Ni  and  Ni-Co^^^,  and  the  acoustic  emission  from  cycled  a-Ti^^^ 
caused  by  preferential  fatigue  damage  in  the  twin-matrix  interfaces'^®* ^53^ 
have  been  found  to  saturate  early  in  the  life.  In  1963,  however,  still 
another  x-ray  method  was  employed  to  investigate  fatigue-induced  micro¬ 
structures  As  presented  in  the  next  and  final  introductory  section, 

the  success  achieved  with  the  method  in  elucidating  the  material  response 
to  many  forms  of  deformation,  including  preliminary  investigations  of 
single-crystal  fatigue,  predicated  its  use  in  the  present  metal  and  alloy 
deformation  studies. 

2.  Double-Crystal  Diffractometry  and  Topographic  Techniques 

In  1956,  Hlrsch^^S  stated  that  "by  far  the  most  reliable  x-ray  evi¬ 
dence  about  the  distribution  of  dislocations  comes  from  measurements  of 
mlsorlentations. . .  The  most  sensitive  of  these  [techniques]  is  the  two- 
crystal  spectrometer  method."  As  in  the  classical  experiments  by 
Renninger  on  rocksalt^^b^  the  procedure  involves  the  rotation  of  a  crystal 
through  its  reflecting  position  to  generate  a  "rocking  curve,"  which  is 
representative  of  its  lattice  mlsorlentations.  Intrater  and  Weissmann 
employed  the  technique  to  study  the  imperfections  of  annealed  and  bent 
aluminum  crystals  by  measuring  the  breadth  of  rocking  curves  and  photo¬ 
graphing  the  reflected  beam  at  discrete  angular  positions  along  the 
curves ^57,  1951,  however,  Weissmann  et  al.  had  adapted  the  "double 

crystal  diffractometer"  (DCD)  to  study  polycrystalline  specimens ^5®.  Like 
the  x-ray  microbeam  technique,  the  DCD  method  was  highly  sensitive  to  the 
changes  in  the  defect  structure  of  individual  metallic  grains.  Instead  of 
limiting  the  size  of  the  incident  beam  to  achieve  increased  resolution, 
the  method's  sensitivity  to  mlcrostructural  Imperfections  derived  from  the 
rigid  parallelism  of  the  incident  radiation  attained  by  interposition  of  a 
highly  perfect  monochromatlng  crystal  and  defining  slit  system  between  the 
x-ray  source  and  the  test  specimen.  Under  the  conditions  prescribed  for 
interpreting  the  patterns^^S, 159 ^  the  distribution  of  photometric  intensi¬ 
ties  for  each  of  the  reflecting  grains  was  related  directly  to  the 
distribution  of  defects  in  the  grains,  and  could  therefore  be  used  to 
understand  the  structure-sensitive  properties  of  the  metal. 
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The  method  was  tested  experimentally  on  silicon  powders^^S  g^d  later 
used  to  study  the  annealing  and  recrystallization  response  of  cold-rolled 
low-carbon  alloy  and  silicon  ferrite^^^.  These  initial  studies  success¬ 
fully  revealed  changes  in  the  mlsorientatlon  of  subdomains  and  in  their 
respective  Internal  misalignments.  Quantitative  analysis  of  these 
parameters  was  carried  out  as  a  function  of  the  degree  of  cold  working  of 
fine-grained  alumlnuml^*^  and  then  used  in  conjunction  with  qualitative 
information  furnished  by  Berg-Barrett  (B-B)  reflection  topography 
This  combination  of  x-ray  diffraction  analysis  and  microscopy  was  per¬ 
formed  by  an  outward  tracing  of  the  B-B  image  to  the  Debye  pattern.  A 
least-squares  method  was  employed  to  spaclally  extrapolate  adjacent  images 
on  the  film  onto  the  specimen  surface  Itself  to  clarify  the  topographic 
relationship  of  the  reflecting  domains  1^2,  fhe  procedure  enabled  three 
orders  of  magnitude  of  substructural  entitles  to  be  identified  for  tensile 
deformed  and  -recovered  nickel  and  nickel  alloy  speclmens^^^.  In  a  prac¬ 
tically  oriented  study,  the  substructure  formation  during  high-temperature 
creep  of  iron  was  analyzed Unfortunately,  however,  the  analysis  of 
fatigued  polycrystalline  metals  was  never  attempted  with  the  technique. 

An  indication  of  the  DCD  method's  great  potential  in  this  respect 
was  supplied  by  an  investigation  of  fatigued  single  crystals^^^.  The 
predecessor  to  the  special  DCD  modification  for  polycrystalline  materials 
was  used  effectively  as  an  Integral  part  of  a  comprehensive  research  pro¬ 
gram  to  study  fatigued  silver  and  zinc  monocrystals.  Counter-recorded 
rocking  curves  were  combined  with  divergent  beam,  Berg-Barrett,  TEM, 
and  hardness  measurement  techniques  to  exhibit  the  predominance  of  the 
following  fatigue  processes: 

1.  Cyclic  work  hardening,  accompanied  by  an  Increase  in  Integrated 
intensity  due  to  reduction  in  the  primary  and  secondary  extinction;  an 
increase  in  the  measured  microhardness  added  evidence  that  the  work 
hardening  was  associated  with  an  Increase  in  the  dislocation  density. 

2.  Dynamic  recovery  of  the  substructure,  elucidated  by  a  decrease 
in  coarse  lattice  misalignments  due  to  cross  slip,  and  a  reduction  in 
Integrated  Intensity  and  hardness;  the  evidence  of  "softening"  suggested 
that  dislocation  climb  was  facilitated  by  the  cyclic  production  of  point 
defects,  and  that  dislocations  were  "shaken"  from  the  subgrain  boundaries. 


Premature  failure  at  this  stage  was  ascribed  to  obstructed  cross  slip  by 
hlgh-angle  grain  boundaries  In  Ag,  or  twin  boundaries  In  Zn. 

3.  Fragmentation  of  the  substructure,  correlated  to  an  enhancement 
of  the  Integrated  Intensity  and  line  broadening,  and  the  generation  of 
smooth-peaked  rocking  curves;  the  formation  of  debris  consisting  of  edge 
dislocation  dipoles  and  dense,  closed,  prismatic  loops  evoked  Interpreta¬ 
tion  In  terms  of  excessive  cross  slip  In  silver  and  the  Interaction  of 
basal  and  pyramidal  slip  In  zinc* 

It  is  clear  that  the  x-ray  DCD  techniques  are  capable  of  revealing 
fine,  mlcrostructural  changes  that  are  not  normally  observable  with  other 
techniques,  or  are  obscured  by  the  Inseparability  of  competing  mechanisms. 
The  DCD  arrangement  can  be  employed  to  study  single  crystals,  pure  poly¬ 
crystalline  metals,  and  multiphase  alloys  with  mutual  ease  and  equal 
promise.  The  method  offers  good  resolution  of  the  local  effects  in 
Individual  grains,  but  also  provides  Information  from  a  sufficient  number 
of  grains  to  permit  accurate  statistical  analysis  of  an  average  or  mean 
mlcrostructural  response.  The  film-recorded  reflections  represent  an 
Imaging  of  the  subdomain  structure  which  can  also  be  Interpreted 
quantitatively  In  terms  of  the  excess  dislocation  density,  which  Is  known 
to  be  a  factor  In  the  accumulation  of  fatigue  damage  and  the  Initiation 
of  ultimate  fracture.  The  Intent  of  the  present  study  will  be  to  exploit 
these  aspects  of  the  method  to  Isolate  a  suitable  mlcrostructural  Indica¬ 
tor  of  progressive  fatigue  damage,  and  thereby  contribute  to  the  capabil¬ 
ity  for  accurate  fatigue  life  and  failure  prediction.  In  accomplishing 
this  objective,  the  DCD  method  is  particularly  useful  for  the  microstruc- 
tural  analysis  of  the  surface  and  bulk.  Analysis  of  these  regions  can  be 
carried  out  Independently,  In  a  stepwise  manner,  by  Incremental  removal 
of  surface  layers.  In  addition,  nondesctructlve  in-depth  analysis  Is 
made  possible  by  altering  the  depth  of  penetration  of  the  Incident  radia¬ 
tion.  This  potential  may  be  very  Important  In  technological  applications 
when  service  components  are  to  be  examined. 


39 


II.  OBJECTIVES 

The  complexity  of  metal  fatigue  processes,  probed  by  the  diverse 
macroscopic  and  microstructural  characterization  methods  described  in  the 
previous  sections,  serves  to  heighten  the  urgency  to  identify  the  real 
causes  of  cyclic  damage.  The  results  of  previous  investigations  have 
fueled  a  growing  controversy  regarding  the  role  of  particular  substructural 
entitles  in  the  accumulation  of  fatigue  damage  and  ultimate  failure.  It 
is  thus  the  primary  goal  of  this  study  to  provide  experimental  evidence 
to  support  a  more  comprehensive  and  unambiguous  theory  with  respect  to 
the  accruement  of  cyclic  damage,  and  then  to  test  it  for  the  prediction 
of  eventual  failure. 

Based  on  the  preceding  discussion,  the  approach  to  the  problem  will 
consist  of  three  phases: 

1.  Microstructural  evidence  will  be  sought  to  determine  whether  or 
not  there  is  a  universal  propensity  for  perferential  work  hardening  of 
the  surface  layer  as  compared  to  the  bulk  material,  under  both  static  and 
dynamic  loading  conditions. 

2.  Differences  in  the  structural  response  to  the  monotonlc  and 
cyclic  modes  of  deformation  will  be  disclosed,  particularly  with  respect 
to  the  stability  and  interactive  effects  associated  with  the  surface  and 
bulk  regions. 

3.  New  information  and  knowledge  gained  through  these  investiga¬ 
tions  will  be  utilized  to  develop  new  criteria  for  fatigue  life  estima¬ 
tion. 

A.  MICROSTRUCTURAL  CONFIRMATION  OF  SURFACE  LAYER  WORK  HARDENING 

Since  it  is  well  known  that  the  initial  condition  of  a  specimen's 
surface  is  of  vital  Importance  to  its  fatigue  performance  and  resistance, 
many  previous  studies  have  focused  on  the  cyclic  development  of  surface 
relief  and  other  topological  processes  contributing  to  the  onset  of 
fracture.  The  research  devoted  to  elucidation  of  fatigue-induced  micro- 
structural  changes,  such  as  those  participating  in  hardening  and  softening 
phenomena,  often  failed  to  differentiate  among  the  processes  specific  to 
the  surface  and  bulk  regions.  The  scientists  who  did  recognize  a  differ¬ 
ence  between  surface  and  bulk  mechanisms  found  it  difficult  to  distinguish 
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which  features  could  be  best  associated  with  actual  fatigue  damage. 

Thus,  the  cause-and=ef feet  relationships  between  microcracking  and  the 
underlying  defect  structure  in  the  surface  layer,  and  between  subdomain 
formation  and  microstrain  in  the  bulk,  for  instance,  were  hard  to  justify 
in  terms  of  ultimate  failure. 

The  first  objective  of  the  present  research  is  to  generate  concrete 
mlcrostructural  evidence  to  confirm  previous  mechanical  stress  measure¬ 
ments  which  have  shown  that  the  surface  layer  may  be  subject  to  preferen¬ 
tial  work  hardening  during  plastic  deformation.  To  achieve  this  end, 
x-ray  double-crystal  diff ractometry  will  be  employed  as  the  principal 
research  tool.  By  incremental  removal  of  surface  layers,  the  defect 
concentration  and  distribution  will  be  characterized  as  a  function  of 
depth  from  the  surface.  The  study  will  encompass  an  analysis  of  four 
model  materials:  low-SFE  silicon  single  crystals,  deformed  at  elevated 
temperature;  aluminum  single  crystals,  typical  of  the  class  of  high-SFE, 
ductile,  fee  metals;  gold  monocrystals,  which  have  little  propensity  for 
oxide  formation;  and  A1  2024,  as  a  typical,  commercial,  precipitation- 
hardened  alloy.  It  is  hoped  that  the  elucidation  of  a  surface  work 
hardening  process  in  these  materials  will  assure  the  universal  nature 
of  the  behavior,  and  thus  contribute  to  the  understanding  of  accrued 
damage  and  failure  mechanism  under  varied  modes  of  plastic  deformation. 

B.  TESTING  THE  "SURFACE  BARRIER  MODEL"  FOR  FATIGUE  DEFORMATION 

The  analysis  of  surface  work  hardening  induced  by  simple  tension 
will  be  extended  in  this  phase',  of  the  investigation  to  include  alternating 
tension-compression  fatigue.  By  carrying  out  a  thorough  examination  of 
the  defect  configuration  as  a  function  of  distance  below  the  specimen 
surface,  by  systematic  surface  layer  removal,  the  substructural  response 
to  the  two  modes  of  deformation  will  be  compared.  In  this  way,  it  is 
hoped  that  evidence  will  be  generated  to  test  the  "surface  barrier  model" 
for  the  accumulation  of  damage  under  dynamic  stressing  condltions^^^. 

An  attempt  will  also  be  made  to  evaluate  the  structural  stability 
of  the  defect  configuration  produced  by  repeated  loading.  The  microstruc- 
tural  response  during  cycling  will  be  studied  by  intermittent  x-ray 
diffraction  analysis,  before  and  after  polishing  away  the  surface  layers. 
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The  objective  of  these  experiments  will  be  to  contribute  to  the  under¬ 
standing  of  some  of  the  apparent  anomalies  of  fatigue  processes,  such  as 
cyclic  recovery  and  softening,  life  extension  by  surface  polishing  or 
removal  treatment,  and  the  cold  working  observed  for  metals  tested  even 
in  the  "safe"  range  of  stresses. 

C.  DEVELOPMENT  OF  NEW  CRITERIA  FOR  FATIGUE  FAILURE  PREDICTION 

The  application  of  traditional  x-ray  pattern  asterism  or  line  broad¬ 
ening  analysis  has  been  shown  to  be  inadequate  for  predicting  the  onset 
of  fatigue  failure.  It  is  proposed  that  the  deficiencies  of  past  efforts 
to  predict  the  fatigue  life  derive  from  the  collective  treatment  of  sur¬ 
face  and  bulk  substructural  entitles  induced  by  fatigue.  It  is  presumed 
that  if  the  "in-depth"  and  structural  stability  experiments  comprising 
the  first  two  phases  of  the  investigation  are  successful  in  decoupling 
the  surface  and  bulk  responses,  it  will  be  easier  to  understand  how  they 
work  together  to  contribute  to  the  final  structural  instability  at  failure. 

The  final  phase  of  the  research  will  therefore  be  designed  to  apply 
the  information  from  the  "in-depth"  studies  to  define  the  progression 
towards  crack  initiation  and  fracture.  An  attempt  will  then  be  made  to 
explore  the  response  in  depth,  nondestructively ,  and  to  develop  a  simple 
and  accurate  method  for  predicting  the  total  life  span  and/or  remaining 
fatigue  resistance  of  cycled  metals. 
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III.  EXPERIMENTAL  PROCEDURE 


A.  SINGLE-CRYSTAL  STUDIES 

1.  Tensile  Deformation 

Single-crystal  specimens  of  silicon,  aluminum,  and  gold  were  prepared 
for  the  experiments  involving  simple  tensile  deformation.  Cylindrical 
single  crystals  of  aluminum  and  silicon  were  sliced  into  thin  wafers 
after  orientation  by  means  of  the  Laue  back-reflection  x-ray  diffraction 
method.  Shoulder-type  tensile  specimens,  as  shown  in  Figures  8a  and  8b, 
were  cut  from  the  wafers  using  a  Servomet  spark-erosion  apparatus.  The 
silicon  specimens  had  a  (112)  surface  orientation  and  a  [110]  tensile 
axis.  The  surface  orientation  and  tensile  axis  directions  for  the  alumi¬ 
num  specimens  were  (100)  and  [100].  The  gold  specimens  were  prepared  by 
Windsor  Metalcrystals,  Incorporated,  and  all  consisted  of  several  large 
grains  of  indeterminate  orientation.  One  of  the  specimens  chosen  for 
inclusion  in  the  study  had  a  large  grain  which  constituted  a  major  por¬ 
tion  of  the  gage  length,  such  that  the  [123]  crystallographic  direction 
nearly  coincided  with  the  tensile  axis.  The  (311)  crystal  planes  were 
oriented  at  an  angle  of  about  11°  to  the  surfaces  of  the  square  cross- 
section  specimens,  as  shown  by  Figure  8c. 

Surface  damage  was  removed  from  the  silicon  specimens  by  lapping 
with  600  grit  silicon  carbide,  followed  by  chemical  polishing  (1  part 
HF,  3  parts  HNO3,  2  parts  CH3COOH).  The  aluminum  specimens  were  reduced 
to  the  desired  thickness  by  spark-erosion  planing  and  subsequent 
electropolishing  at  -5°C  (1  part  HNO3,  3  parts  CH3COOH).  The  gold 
specimens  were  electropolished  at  ambient  temperature  in  a  Thlorea 
solution.  At  least  70  pm  were  removed  in  the  final  chemical  or 
electropolishing  step  to  insure  damage-free  surfaces xhe  aluminum 
specimens  were  annealed  at  600°C  for  20  hours  in  a  protective  argon 
atmosphere  to  relieve  the  internal  stresses  Introduced  during  preparation. 

All  the  specimens  were  deformed  on  an  Instron  universal  tester.  The 
silicon  specimens  were  mounted  in  loading  grips  equipped  with  ceramic 
fittings  designed  to  both  clamp  the  specimen  ends  and  provide  shoulder 
support  on  application  of  the  load.  After  mounting  in  the  grips,  a 
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Figure  8.  Specimen  configurations  employed  in  the  tensile 
tests  of  single  crystals:  (a)  silicon  specimens  -  mounted  in  com¬ 
bination  clamp  and  shoulder-support  grips,  with  ball-bearing  con¬ 
nection  to  the  loading  rods;  (b)  aluminum  specimens  -  clamped  in 
ball-bearing  mounted  grip  assembly;  (c)  gold  specimens  -  installed 
with  rigid,  clamp-style  loading  fixture. 
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cylindrical,  high  temperature  furnace  was  lowered  into  position  to 
enclose  the  specimen  and  brought  to  a  temperature  of  750 °C  with  an  argon 
atmosphere.  The  deformation  was  carried  out  at  a  strain  rate  of  5.9  x 
10~5  sec"^  to  a  plastic  strain  level  of  10%,  followed  by  unloading  and 
cooling  in  a  stream  of  argon.  The  aluminum  specimens  were  clamped  into  a 
grip  assembly  provided  with  a  rigid,  removable  jig  to  prevent  accidental 
deformation  during  installation  in  the  Instron  equipment,  and  ball-bearing 
connections  to  the  loading  rods  to  prevent  twisting  during  the  extension. 
The  specimens  were  pulled  to  10%  plastic  strain  at  a  rate  of  3.3  x  10“^ 
sec~l  while  cooled  to  below  0®C  in  a  steady  stream  of  liquid  nitrogen 
vapor.  After  testing,  the  aluminum  crystals  were  held  at  a  temperature 
of  -5°C  by  refrigeration.  The  gold  specimens  were  mounted  in  a  rigid 
clamp-style  arrangement  in  the  Instron  tester.  Under  the  restrictive 
gripping  conditions,  the  deformation  was  limited  to  3%  plastic  strain  at 
a  rate  of  1.7  x  10“^  sec~^. 

The  defect  concentration  and  distribution  as  a  function  of  distance 
from  the  free  surface  of  the  deformed  specimens  were  obtained  by  incre¬ 
mentally  removing  the  surface  layers  and  performing  x-ray  diffraction  an¬ 
alysis  at  each  depth.  The  layers  of  25-  to  75  ym  thickness  were  pol- 
llshed  away  with  the  chemical  or  electropolishing  procedure  used  for  each 
of  the  crystal  species  in  the  damage  removal  step.  The  x-ray  analysis 
of  the  silicon  and  gold  monocrystals  was  performed  at  ambient  temperature. 
The  aluminum  single  crystals  were  mounted  on  a  copper  cooling  block  fitted 
to  the  diffractometer  goniometer  head.  The  temperature  during  x-ray 
analysis,  measured  by  attaching  a  thermocouple  to  the  grip  section  of  the 
specimen,  was  maintained  at  3  to  5°C  by  a  flow  of  ice  water  pumped  through 
the  cooling  block. 

2.  Dynamic  Testing 

Rod-shaped  aluminum  single  crystals  were  obtained  from  Windsor 
Metalcrystals,  Incorporated,  with  (100]  axis  orientation.  Cylindrical 
fatigue  specimens  were  fabricated  from  the  rods  by  lathe  operations.  The 
specimen  shape  and  gripping  arrangement  are  shown  in  Figure  9.  A  cold 
worked  layer  totaling  150um  in  thickness  had  to  be  removed  from  the 
specimens  by  electropolishing  to  eliminate  the  damage  due  to  machining. 
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Figure  9.  Specimen  configuration  and  grip 
assembly  employed  in  the  fatigue  investigations  of 
A1  single  crystals  and  A1  2024  alloy:  (a)  specimen 
mounted  in  grips  used  for  both  static  (tensile) 
tests  with  a  ball-and-socket  arrangement,  and  dyna¬ 
mic  (push-pull  fatigue)  testing  by  clamping  to  a 
similarly  serrated  loading  fixture;  (b)  cylindrical 
fatigue  specimen  -  fabricated  with  4.3  mm  gage 
diameter  for  the  single  crystals,  and  3.0  mm  for 
the  alloy  specimens. 


The  tensile  properties  of  the  specimens  were  determined  by  static 
testing  on  an  Instron  universal  testing  machine.  The  specimens  were 
mounted  In  a  ball-bearing  grip  assembly  with  a  removable  support  jig  to 
prevent  handling  damage.  The  threaded  grips  were  split  into  halves  and 
fitted  with  connecting  screws  to  facilitate  direct  Installation  and 
removal  of  the  specimens  without  accidental  twisting.  The  fatigue  cycling 
was  carried  out  on  a  Tatnell-Krause  apparatus  fitted  with  a  lOO-lb  load 
bar.  The  specimens  were  cycled  at  15  Hz  employing  tension-compression, 
zero-mean  loading.  The  grips  used  In  the  tensile  testing  were  provided 
with  horizontal  saw  teeth  to  match  those  on  the  fixtures  at  the  end  of 
the  carefully  aligned  fatigue  machine  loading  rods.  This  feature  Insured 
the  minimization  of  specimen  torque  and  bending  moments  during  the  test¬ 
ing.  The  axial  force  applied  to  the  specimen  by  flexure  of  the  eccen¬ 
trically  mounted  load  bar  was  calibrated  beforehand  by  means  of  constantan 
strain  gages  mounted  at  90°  intervals  about  the  circumference  of  an 
eleastlcally  loaded  steel  specimen. 

Specimens  were  fatigued  2  x  10^  cycles  at  a  stress  amplitude  of  1.03 
MPa,  for  which  no  failure  occurred  if  cycling  was  carried  to  10^  cycles. 
They  were  then  analyzed  In  depth  by  x-ray  diffraction,  employing  incre¬ 
mental  surface  layer  removal  by  electropolishing. 

3.  X-ray  Diffraction  Analysis 

X-ray  double-crystal  diffractometry  (DCD),  combined  with  (B-B) 
reflection  topography,  was  employed  as  the  principal  research  tool  for 
analysis  of  the  defect  structure  Introduced  to  the  single  crystals  by 
monotonlc  and  fatigue  testing.  The  OCD  geometry  Is  Illustrated  In  Figure 
10a.  The  primary  beam  Is  reflected  by  a  highly  perfect  monochroma ting 
crystal  and  passes  through  a  long  collimator  and  a  series  of  defining 
slits  prior  to  Incidence  on  the  test  specimen.  The  technique  may  be 
applied  in  either  a  transmission  (Laue)  or  reflection  (Bragg)  arrangement. 
Analysis  of  the  surface  layers  of  the  test  crystal  is  best  facilitated  by 

m 

using  the  symmetric  Bragg  reflection  arrangements  shown  in  Figure  10b. 

The  single-crystal  specimen  is  rocked  about  an  axis  which  lies  In  the 
plane  of  the  reflecting  surface,  and  normal  to  the  plane  of  parallelism. 
For  an  In-depth  analysis,  care  must  be  taken  to  maintain  the  position  of 
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Figure  10.  X-ray  double  crystal  diffractometer  for  sin¬ 
gle  crystal  analysis:  (a)  schematic  diagram  of  the  diffrac¬ 
tion  geometry;  (b)  illustration  of  the  antiparallel  (m,n)  and 
parallel  (m,-n)  settings;  (c)  photograph  of  the  complete 
diffractometer  assembly. 
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the  rotation  axis  at  the  specimen  surface  as  the  surface  layers  are 
Incrementally  removed.  The  rocking  procedure  produces  an  Increasing  and 
then  decreasing  measured  Intensity  as  the  crystal  planes  pass  through 
their  Ideal  reflecting  position.  The  Intensity  variation  over  the  range 
of  reflection  constitutes  the  "rocking  curve  profile"  for  the  region 
analyzed. 

In  this  Investigation  a  "dislocation-free"  silicon  crystal  with  a 
(111)  orientation  was  used  as  the  first  monochromatlng  crystal.  Copper 
radiation  was  employed,  and  the  Ka2  component  was  eliminated  with  a 
knife-edge.  Since  the  silicon  test  crystal  had  a  (112)  surface  orienta¬ 
tion,  the  reflection  geometry  approximated  a  parallel  condition,  denoted 
(1,-1)  In  Figure  10b,  and  for  which  the  normals  to  the  crystal  surfaces 
are  opposite  In  direction.  Any  deviation  from  this  condition  Is  repre¬ 
sented  symbolically  by  (mx,-ny),  where  m  and  n  connote  the  order  of 
reflection,  and  x  and  y  refer  to  the  first  and  test  crystal,  respec¬ 
tively.  The  aluminum  specimens  with  a  (100)  surface  orientation,  and  the 
gold  specimens  for  which  the  (311)  reflection  was  used,  also  corresponded 
approximately  to  the  parallel  arrangement.  The  parallel  setting  was 
employed  to  minimize  the  wavelength  dispersion. 

By  maintaining  Incident  beam  dimensions  of  0.2-mm  width  and  1.2-cm 
height,  a  large  portion  of  the  specimen  gage  length  contributed  to  the 
rocking  curve  profiles,  assuring  an  effective  averaging  of  the  deformation 
response  without  sacrificing  angular  resolution.  Rocking  curves  were 
also  recorded  with  the  beam  length  normal  to  the  specimen  tensile  axis 
and  a  slightly  wider  silt  separation.  Evaluation  of  the  profile  shapes 
and  breadths  revealed  little  difference  for  the  two  geometric  configura¬ 
tions.  B-B  topographs  were  taken  at  angular  rotation  Intervals  along 
the  rocking  curves  by  moving  a  film  Into  position  close  to  the  specimen 
to  Intercept  the  reflected  beam  In  front  of  the  counter  as  shown  in 
Figure  10c.  By  suitable  translation  of  the  cassette  after  exposure  at 
each  angular  position,  a  mapping  of  the  substructural  contributions  to 
the  Intensity  profile  was  obtained. 

X-ray  rocking  curves  were  first  recorded  for  each  of  the  three 
crystal  species  In  the  polished  and  undeformed  condition.  After  tensile 
deformation,  x-ray  analysis  was  performed  at  the  original  surface  and 


after  removal  of  appropriate  layer  thicknesses.  The  maximum  penetration 
of  the  CuKaaj  radiation  was  24.6,  14.5,  and  0.7  pm  for  silicon,  alum¬ 
inum,  and  gold,  respectively  [see  Appendix  A,  Sect  1].  These  values 
therefore  represent  the  total  distance  from  the  surface  for  which  the 
defect  concentration  was  averaged  by  the  rocking  curve  analysis  after 
each  removal  of  a  layer  thickness.* 

The  cylindrical  aluminum  single  crystals  used  In  the  fatigue 
studies**  were  oriented  by  the  back-reflection  Laue  method  to  Identify 
the  position  of  the  (100)  planes  lying  parallel  to  the  tensile  axis. 

This  permitted  more  rapid  location  of  the  diffraction  peak  In  the  full- 
circle  diffractometer.  The  specimen  was  positioned  so  as  to  achieve  a 
glancing  Incidence  of  the  Incident  beam  on  the  specimen  surface  conforming 
to  a  parallel-type  arrangement.  The  cross  section  of  the  Incident  beam 
had  dimensions  4  x  0.5  mm,  and  the  maximum  penetration  distance  varied 
with  the  take-off  angle  from  the  cylindrical  surface,  from  zero  to 
7.25  pm  In  depth  [see  Appendix  A,  Sect  2]. 

As  will  be  discussed  In  more  detail  In  conjunction  with  the  actual 
experimental  results,  the  combination  of  DCD  rocking  curves  and  B-B 
topography  yields  substantial  Information  regarding  the  mlcrostructural 
response  to  the  deformation  process.  The  successive  topographic  Images 
recorded  over  the  reflection  range  provide  a  unique  qualitative  correlation 
between  the  defect  structure  and  the  minute  Intensity  fluctuations 
constituting  the  overall  rocking  curve  profiles.  The  breadth  of  the 
rocking  curve,  on  the  other  hand,  is  a  qualitative  measure  of  the  relative 
mlsorlentatlon  of  deformation  Induced  subdomains  and  the  misalignment 
within  them.  These  substructrual  features  are  related  primarily  to  the 
generation  and  Interaction  of  excess  dislocations  of  one  sign.  To  calcu¬ 
late  the  cancentratlon  or  density  of  excess  dislocations  from  the  x-ray 


*lt  should  be  noted  that,  for  the  curves  presented  in  the  results 
section  plotting  the  x-ray  data  as  a  function  of  depth,  the  origin  of  the 
abscissa  corresponds  from  a  rigorous  viewpoint  to  the  mean  penetration  of 
the  radiation;  l.e.,  to  a  distance  from  the  surface  equaling  half  the 
maximum  penetration  of  copper  radiation  for  each  crystal  specie. 

**The  author  was  assisted  In  the  single-crystal  fatigue  studies  by 
T.  Takemoto. 


data,  it  Is  necessary  to  make  some  assumptions  regarding  the  defect 
distribution  and  to  define  a  consistent  method  for  evaluation  of  the 
rocking  curve  breadth.  The  former  will  be  taken  up  In  the  Discussion 
section,  but  It  Is  appropriate  to  describe  the  breadth  measurement  method 
here.  For  the  purposes  of  this  Investigation,  the  rocking  curve  "half- 
width,"  or  Its  angular  breadth  at  half  of  the  peak's  Intensity  maximum, 
provided  an  easily  measurable  parameter  for  use  In  the  calculation. 
Identical  to  the  "half-value  breadth,"  as  It  was  denoted  In  the  Taira 
studles^l^,  the  halfwldth  Is  controlled  principally  by  the  tilts 
and/or  curvature  produced  by  accumulation  of  excess  dislocations  and 
excludes  the  broadening  of  the  profile  tails  caused  primarily  by 
point  defects  and  other  singular  mlcrostructural  entltles^^^.  The  "Laue 
Integral  breadth,"  defined  as  the  Integrated  to  peak  Intensity  ratio,  was 
also  measured  for  the  single-crystal  studies.  Vlhlle  this  parameter  offers 
some  advantage  by  avoiding  the  complications  due  to  shoulders  and  other 
asymmetries  of  the  diffraction  peak.  Its  value  and  sense  of  change  with 
deformation  extent  or  depth  were  always  consistent  with  that  of  the  cor¬ 
responding  halfwldth.  Since  Its  value  could  not  be  determined  for  the 
subsequent  studies  of  polycrystals,  the  data  listed  throughout  the  Results 
section  were  restricted  to  the  halfwldth  parameter. 

B.  A1  2024  ALLOY  STUDIES 

1.  Incremental  Fatigue  Cycling 

The  A1  2024  alloy  was  obtained  In  two  separate  batches  of  bar  stock 
with  composition  In  weight  percentage:  3.99  Cu,  1.35  Mg,  0.50  Mn,  and 
an  Impurity  content  totaling  about  0.5  wt%  consisting  principally  of  Fe, 
SI,  Zn,  Tl,  and  Cr.  The  stock  was  fabricated  Into  cylindrical  fatigue 
specimens  with  the  configuration  shown  In  Figure  9.  The  specimens  were 
mechanically  polished  to  remove  the  surface  Irregularities  caused  by  the 
lathe  operations,  using  successively  finer  grades  of  emery  paper.  The 
two  batches  were  then  given  a  solution  heat  treatment  In  a  tilting  furnace 
at  495 "C  In  an  argon  atmosphere  or  encapsulated  In  evacuated  quartz 
ampoules.  After  quenching  In  Ice  water  the  specimens  were  given  a  second 
mechanical  polishing,  this  time  with  5.0,  1.0,  and  0.05  pm  particle 
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size  alumina.  Some  of  the  specimens  from  each  batch  were  set  aside  for 
grain  size  analysis,  tensile  property  determination,  and  surface  micro¬ 
scopy.  The  balance  of  the  specimens  to  be  used  In  the  x-ray  analysis  was 
given  a  final  electropollshlng.  At  least  100  urn  was  removed  from  the 
gage  diameter  to  eliminate  any  remaining  surface  damage,  employing 
either  of  two  electrolytic  solutions:  1  part  HCIO4,  9  parts  CH3COOH; 
or  1  part  HNO3,  3  parts  CH3COOH.  The  specimens  retained  for  grain  size 
analysis  and  surface  microscopy  after  cycling  were  specially  prepared 
with  a  flat  region  on  their  gage  sections.  The  planar  region  with  dimen¬ 
sions  6  X  1.5  mm  was  produced  by  spark-erosion  planing.  The  surface 
damage  Induced  by  'this  procedure  was  then  removed  with  a  final  electro¬ 
polishing.  After  etching  with  Keller's  reagent,  the  grain  sizes  for  the 
two  batches  were  determined  by  the  linear  intercept  (Hyne)  procedure 
applied  to  40,  100,  and  200X  photomicrographs.  The  tensile  properties 
of  specimens  from  the  two  batches  were  characterized  using  an  Instron 
universal  tester.  The  elastic  limits  were  obtained  employing  a  strain 
rate  of  1.3  x  10”^  sec"l. 

The  specimens  from  batch  A,  which  will  be  used  to  denote  the  larger 
grain  size  stock,  were  fatigue  cycled  In  the  push-pull  mode  with  zero 
mean  stress  using  a  500-lb  load  bar  on  the  Tatnell-Krause  fatigue  appara¬ 
tus.  At  least  three  specimens  were  tested  to  failure  at  each  of  three 
constant  load  amplitudes  corresponding  to  ±1.0,  0.75,  and  0.50  of  the 
proporatlonal  limit,  Op  2,,  to  generate  a  representative  S-N  curve  for 
the  batch.  A  similar  procedure  was  used  for  the  smaller  grain  size  batch 
B  specimens,  but  these  were  tested  on  newly  acquired  Instron  servohydrau- 
lic  fatigue  equipment  (model  1350).  For  this  batch,  the  cyclic  amplitudes 
corresponded  to  ±1.0,  0.75,  0.60,  and  0.50  of  its  respective  elastic 
limit.  The  cyclic  frequency  was  maintained  at  10  Hz  in  all  the  tests, 
except  for  periods  of  10-  to  100-cycle  duration  during  the  fatigue  of 
batch  B  specimens,  for  which  the  frequency  was  gradually  reduced  to  1  Hz 
for  hyteresls  loop  observation. 

The  incremental  fatigue  experiments  for  batch  A  were  carried  out  by 
stepwise  fatigue  of  at  least  two  specimens  at  each  stress  level.  After 
each  fatigue  increment,  the  cycling  was  interrupted  to  allow  for  x-ray 
analysis  of  the  specimen  surface,  followed  by  remounting  in  the  fatigue 
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machine  for  the  next  cycling  period.  The  sampled  Increments  represented 
regular  fractions  of  the  expected  total  life,  as  drawn  from  the  previously 
obtained  S-N  data.  After  eventual  failure,  these  fractions  were  adjusted 
to  reflect  the  true  percentages  of  the  actual  life  span  of  each  specimen. 

The  Incremental  fatigue  analysis  of  batch  B  specimens  was  accom¬ 
plished  slightly  differently.  In  this  case,  two  specimens  were  cycled 
to  each  of  the  chosen  fractions  of  the  life,  namely  5,  25,  50,  75,  and 
95%  of  the  expected  life,  at  a  single  stress  amplitude  corresponding  to 
the  proportional  limit.  The  high  degree  of  reproducibility  afforded  by 
the  servohydraullc  equipment  permitted  assumption  that  these  fractions  of 
life,  derived  from  the  S-N  data,  conformed  reasonably  well  to  the  frac¬ 
tions  of  the  actual  life  spans  of  the  Individual  specimens.  After  the 
predetermined  amount  of  cycling  was  completed,  the  specimens  were  simply 
dismounted  from  the  fatigue  machine  for  subsequent  x-ray  analysis. 

2.  Damage  Gradients  from  Surface  to  Bulk 

In  order  to  determine  the  defect  concentration  and  distribution  as 
a  function  of  the  distance  from  the  specimen  surface,  a  stepwise  surface 
removal  and  x-ray  analysis  procedure,  similar  to  that  employed  In  the 
single  crystal  studies,  was  applied  to  study  the  fatigued  alloy  specimens. 
Batch  A  specimens  were  cycled  to  arbitrarily  selected  fractions  of  the 
predetermined  average  fatigue  lives  at  amplitudes  equal  to  1.0  and  0.5 
of  the  proportional  limit.  After  testing,  the  specimens  were  removed 
from  the  fatigue  apparatus  for  x-ray  analysis  of  the  original  surface. 
Layer  thicknesses  of  50  to  100  pm  were  subsequently  removed  by  electro- 
polishing,  accompanied  by  Intermittent  x-ray  analysis  at  each  depth.  To 
generate  a  representative  "depth  profile"  of  the  damage  gradient  from 
surface  to  bulk,  this  procedure  of  thickness  removal  followed  by  x-ray 
analysis  was  continued  until  no  further  change  In  the  x-ray  data  was 
apparent.  The  Invariance  of  the  x-ray  data  was  found  to  occur  at  a  depth 
of  200  to  400  pm  Into  the  bulk.  A  protective  microstop  lacquer  was 
then  applied  to  half  of  the  gage  section  circumference  along  the  full 
length  of  the  test  specimens,  and  electropollshlng  was  continued  to  a 
depth  of  1500  pm  from  the  original  surface,  or  approximately  the  center 
of  the  specimen.  A  final  x-ray  data  point  was  recorded  for  this  depth  to 
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assure  the  constancy  of  the  defect  concentration  throughout  the  bulk 
region  of  the  specimen. 

3.  Surface  Removal  and  Recycling 

The  procedures  just  described  were  designed  to  analyze  the  deforma¬ 
tion  response  In  the  surface  layers  and  bulk  material  during  Incremental 
fatigue  cycling  to  failure.  In  order  to  Investigate  the  stability  of  the 
Induced  microstructure.  It  was  decided  to  measure  the  cyclic  response  of 
the  bulk  In  the  absence  of  the  surface  layer.  To  this  end,  several  batch 
A  specimens  were  cycled  to  75  and  95%  of  the  predetermined  life  span  at 
an  amplitude  equivalent  to  the  static  proportional  limit.  The  damage 
gradient  from  the  surface  to  a  depth  of  400  pm  was  obtained  by  the  step¬ 
wise  polishing  and  x-ray  analysis  sequence  outlined  In  the  previous 
section.  This  procedure  served  both  to  generate  standard  depth  profiles 
for  the  precycled  specimens  and  to  eliminate  completely  the  original 
surface  layers.  The  specimens  were  then  reinserted  In  the  fatigue  machine 
for  continued  cycling  at  the  same  amplitude  as  before.  The  recycling 
was  Interrupted  after  Intervals  of  short  duration,  ranging  from  0.2  to 
3%  of  the  normal  fatigue  life,  to  permit  intermittent  x-ray  analysis  of 
the  "new"  surface.  After  the  recycling  intervals  totaled  5%  of  the  normal 
life,  the  specimens  were  either  cycled  continuously  to  failure  or  subjec¬ 
ted  to  a  second  depth  profile  analysis  sequence.  The  former  allowed  the 
change  In  the  total  fatigue  life  afforded  by  surface  layer  removal  to  be 
determined.  The  latter  permitted  the  elucidation  of  the  change  in  defect 
concentration  and  distribution  In  the  reduced  gage  section.  Induced  by 
recycling  In  the  absence  of  the  original  surface  layer. 

4.  X-ray  Diffraction  and  Surface  Microscopy 

The  special  DCD  method  for  polycrystalline  materials was  used 
to  measure  the  alloy's  mlcrostructural  response  to  fatigue  cycling. 

Figure  11a  presents  a  schematic  Illustration  of  the  diffraction  geometry. 
The  polycrystalline  specimen  Is  Irradiated  by  a  crystal-monochromated 
beam.  Each  reflecting  grain  Is  considered  to  function  Independently  as 
the  test  crystal  of  a  double-crystal  diffractometer.  For  a  stationary 
specimen  position,  the  spot  reflections  for  the  Individual  grains  are 
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recorded  along  the  Debye  arcs  on  a  cylindrical  film.  Depending  on  the 
perfection  of  the  grains,  the  specimen  is  rotated  or  rocked  in  angular 
Intervals  of  1  to  10  minutes  of  arc,  over  a  total  range  of  1  to  2°. 

To  separate  the  spots  corresponding  to  successive  rotation  positions,  the 
film  is  shifted  or  translated  slightly  after  each  exposure.  This  multi¬ 
exposure  technique  gives  rlst  to  an  array  of  spots  for  each  reflecting 
grain,  as  shovm  In  the  film  reproduction  in  Figure  lib.  These  arrays  of 
spots,  with  their  intensity  dependence  on  the  angular  position,  are 
pictorial  representations  of  the  rocking  curves  of  the  reflecting  grains. 
The  shape  of  the  spots  within  an  array  is  thus  a  visual  manifestation  of 
the  penetration  of  the  Ewald's  sphere  by  the  reciprocal  lattice  point 
which,  owing  to  the  lattice  defects,  is  enlarged  to  a  reciprocal  lattice 
volume.  The  latter  depends  on  the  transformation  of  the  shape  factor 
from  physical  to  reciprocal  space.  Thus,  if  the  grains  contain  a  sub¬ 
structure,  the  Intensity  distribution  of  the  arrays  will  be  broad  and 
multlpeaked,  both  In  the  horizontal  direction  and  along  the  azimuthal,  or 
vertical  elevation.  As  a  result  of  reflection  from  the  first  monochroma- 
ting  crystal,  the  Irradiating  beam  is  geometrically  parallel  in  the 
horizontal  plane,  or  the  plane  of  the  diffractometer.  Thus,  by 
photometrically  scanning  an  array  from  spot  to  spot  in  the  horizontal 
direction,  the  film  density  or  blackening  for  each  spot  is  recorded  as  a 
separate  peak  on  the  microphotometer  chart.  After  adjusting  each  spot's 
peak  blackening  to  represent  the  true  Intensity  via  a  predetermined  film 
density-to-intensity  calibration  curve,  the  plot  of  the  spot  intensities 
against  their  angular  separation  constitutes  a  normal  rocking  curve  for 
the  particular  grain  analyzed.  From  the  angles  subtending  successive 
peaks  of  the  rocking  curve,  the  excess  dislocation  density  In  the  subgrain 
boundaries  can  be  determined,  while,  from  the  spread  of  the  subpeaks,  the 
excess  dislocation  density  within  the  subgrains  can  be  obtained.  As  In 
the  single-crystal  studies,  the  width,  0,  at  half  of  the  intensity 
maximum  of  the  entire  rocking  curve,  provides  a  measure  of  the  excess 
dislocation  density  in  the  grain  causing  the  statistical  distribution  of 
subdomain  tilts  comprising  the  overall  mlsorlentatlon  In  the  graln^^^. 

Since  the  Incident  beam  Impinges  on  a  large  portion  of  the  gage 
section,  a  large  number  of  grain  reflections  are  recorded  In  a  single 


55 


Figure  11.  X-ray  double  crystal  diffractometer  for 
polycrystalline  metals;  (a)  schematic  diagram  of  the  dif¬ 
fraction  geometry  and  x-ray  camera;  (b)  developed  x-ray  film 
showing  grain  reflections  along  the  Debye  arcs. 
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exposure  sequence.  By  analyzing  the  rocking  curves  from  various  (hkl) 
reflections  in  the  manner  described  above,  a  representative  statistical 
parameter,  B^,,  is  generated  to  describe  the  mean  defect  concentration 
of  the  grain  population.  Furthermore,  by  taking  B-B  topographs  close  to 
the  specimen  and  performing  a  spacial  tracing  of  the  images  outward  to 
the  spot  reflections  of  the  Debye  pattern,  the  rocking  curves  of  the 
individual  grains  can  be  correlated  to  their  topographic  relationship  on 
the  specimen  surface^^^. 

Two  additional  characteristics  of  the  Debye  patterns  generated  by  the 
polycrystalline  specimens,  while  incidental  to  the  current  investigation, 
are  nevertheless  noteworthy.  First,  since  the  x-ray  beam  is  essentially 
parallel  in  the  horizontal  plane,  the  halfwidth,  g,  can  be  determined 
only  by  carrying  out  a  complete  sequence  of  Incremental  specimen  rotations. 
The  vertical  divergence  of  the  primary  beam,  however,  remains  unaltered 
after  reflection  from  the  first  monochromatlng  crystal.  The  unrestricted 
divergence  of  the  beam  in  this  direction  allows  it  to  effectively  rock 
over  the  grains  during  each  discrete  exposure.  The  azimuthal  intensity 
variation  which  results  also  provides  a  measure  of  the  breakup  and  induced 
substructural  strain  of  each  grain.  The  vertical  spread  of  the  spots  on 
the  film  recorded  in  a  single  exposure,  combined  with  their  respective 
angular  distance  from  the  equatorial  line,  lying  in  the  horizontal  plane 
of  the  diffractometer,  can  be  used  to  calculate  the  azimuthal  spread, 

[see  Appendix  B,  Sect  2].  A  second  consequence  of  the  DCD 
arrangement  for  polycrystalline  materials  is  the  substructural  information 
which  can  be  derived  from  the  angular  relationship  of  the  spots  due  to  the 
Ka2  and  Ka2  spectral  components.  For  the  antiparallel  arrangement,  the 
angular  separation  of  the  two  components,  or  doublet  split,  produced  by 
diffraction  from  the  first  and  test  crystals,  is  additive.  For  the  para¬ 
llel  arrangement,  on  the  other  hand,  the  resultant  doublet  split  for  a 
given  (hkl)  refaectlon  as  the  difference  between  that  of  the  test  crystal 
and  that  of  the  monochromator.  The  magnitude  of  the  dispersion  for  each 
arrangement  increases  with  reflection  angle;  thus,  when  the  total  divergence 
exceeds  the  misorlentatlon  angle  associated  with  the  crystal  lattice,  the 
reflection  conditions  for  both  components  can  no  longer  be  simultaneously 
satisfied.  By  identifying  the  highest  order  of  reflection  for  which  both 
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components  can  still  be  detected  for  the  two  settings,  one  can  successful¬ 
ly  "zero  in"  on  the  average  total  misorientation  inherent  to  the  reflecting 
grains.  The  average  disorientation  of  the  individual  subdomains  contri¬ 
buting  to  the  total  misorientation  in  the  grains  can  also  be  estimated 
if  the  misaligned  subgrains  have  fairly  well-defined  boundaries.  This 
misorientation  or  tilt  angle  is  computed  from  the  angular  separation  of 
the  respective  maxima  of  the  Ka^  and  Ka2  curves,  manifested  by  the 
array  of  spot  doublets  generated  during  the  specimen  rotation. 

For  the  purposes  of  the  present  fatigue  study,  the  azimuthal  broaden¬ 
ing  was  calculated  and  compared  with  the  horizontal  distribution  of  mis¬ 
alignment  to  provide  an  Initial  confirmation  of  the  Isotropy  of  the  fatigue 
induced  misorientation  in  the  grains.  Once  the  isotropic  behavior  was 
established,  the  average  azimuthal  broadening  was  ascertained  only  to  check 
its  consistency  with  the  horizontal  range  of  reflection,  and  therefore  the 
adequacy  of  the  diffractometer  alignment  during  the  specimen  rocking 
sequence.  The  vertical  widths  were  not  actually  reported  since  the  dif¬ 
fuseness  of  the  spots  and  the  uncertainty  as  to  whether  the  image  derived 
from  one  or  more  grain  reflection  made  it  a  less  accurate  parameter  by 
which  to  characterize  the  marginal  distribution  of  misalignment.  Neither 
of  the  characterization  techniques  related  to  the  Kai/Ka2  divergence  were 
found  applicable  in  the  alloy  studies.  The  intrinsically  imperfect  nature 
of  the  alloy  grains,  even  after  annealing,  caused  mutual  reflection  up  to 
high  diffraction  angles  where  dispersion  tended  to  diffuse  the  reflected 
intensity.  Similarly,  the  internal  strain  of  the  subgrains  caused  the  Kai 
and  Ko2  peaks  to  coincide  so  that  only  through  the  intensity  fluctuation 
of  the  Kaj  component  itself,  during  the  rocking  procedure,  could  the 
relative  subgrain  tilts  be  revealed. 

Since  primarily  the  horizontal  breadth,  3>  was  used  for  evaluation 
of  the  fatigue  Induced  defect  concentration  and  substructure,  several 
additional  comments  regarding  this  parameter  should  be  made.  The  angular 
range  of  reflection  due  to  coherently  reflecting  domains  can  be  accurately 
obtained  only  when  the  irradiating  beam  and  the  rocking  curve  for  the 
grain  have  well-defined  boundaries.  This  occurs  at  or  near  the  equatorial 
plane.  The  distribution  of  photometric  intensities  at  higher  azimuth 
reflections  is  greatly  modified  by  the  vertical  divergence  of  the  beam 
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and  is  Influenced  by  the  velocity  factor.  Due  to  these  Instrumental 
broadening  effects,  the  higher  azimuth  reflections  become  "smeared  out" 
when  the  corresponding  reciprocal  lattice  points  traverse  the  Ewald 
sphere.  Rocking  curves  for  these  reflections  can  be  excluded  entirely 
from  the  statistical  analysis  If  the  population  of  grain  reflection  arrays 
near  the  equator  Is  sufficiently  large  to  give  a  representative  sampling 
of  the  lattice  defects.  However,  if  the  population  of  grain  reflections 
Is  not  large  enough,  even  when  a  larger  specimen  area  is  Irradiated  by 
enlarging  the  slit  opening,  then  the  higher  azimuth  reflections  can  also 
be  used,  provided  the  necessary  ip-correctlons  are  carried  out  [see  Appen¬ 
dix  B,  Sect  1]. 

Account  should  also  be  made  for  the  systematic  broadening  with 
reflection  angle.  Exclusive  of  particle  size  broadening,  which  is 
Insignificant  when  the  subgrains  are  large  enough  to  be  Individually 
resolved  and  analyzed  with  monochromatic  radiation,  the  angular  dependence 
of  the  broadening  due  to  uniform  lattice  strain  should  vary  proportionally 
to  tan  0.  Finally,  some  of  the  variation  in  the  average  breadths  for 
the  different  (hkl)  reflections  and  the  variation  among  the  breadths  of 
the  individual  arrays  within  each  Debye  arc  are  produced  by  the  crystal¬ 
lographic  nature  and  inhomogenelty  of  the  material  response  to  deforma¬ 
tion.  The  former  type  of  variation  frequently  results,  for  instance, 
when  the  active  slip  planes  exhibit  a  different  average  array  breadth 
than  the  average  rocking  curve  halfwldth  measured  for  other  (hkl)  reflec¬ 
tion  arcs.  The  latter  type  of  variation  often  occurs  if  the  deformation 
is  highly  localized  by  such  phenomena  as  persistent  slip,  void  production, 
or  microcracking,  so  that  even  the  grains  with  nearly  the  same  orientation 
will  be  subject  to  different  degrees  of  broadening.  This  accounts  for 
the  deviation  in  halfwidths  for  arrays  of  a  single  Debye  arc. 

In  the  current  investigation,  the  representative  halfwldth  for  the 
alloy  at  any  stage  of  the  fatigue  process,  or  any  depth  from  the  surface, 
was  taken  as  the  mean  value  of  the  measured  arrays,  irrespective  of 
the  reflection  angle.  In  order  to  minimize  the  inconsistency  of  this 
parameter  which  might  derive  from  dispersion  effects  or  crystal  aniso¬ 
tropy,  a  similar  number  of  reflections  were  drawn  from  each  of  the  Debye 
arcs  for  each  computation.  The  nominal  accuracy  of  the  mean  halfwldth 
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value  was  insured  by  restricting  the  statistical  sample  to  arrays  within 
small  azimuthal  limits.  For  analysis  with  copper  radiation  and  beam  dimen¬ 
sions  of  8  X  0.5  mm,  this  permitted  inclusion  of  25  to  30  arrays  in  a  sin¬ 
gle  sampling.  The  contribution  by  instrumental  broadening  to  the  total 
breadth  of  an  array  located  at  the  maximum  allowed  azimuthal  elevation 
was  about  4  minutes  of  arc  [see  Appendix  B,  Sect.  1].  The  symmetry  of  the 
halfwidth  distribution  in  each  sample  was  confirmed  by  the  equivalence  of 
the  mean  and  median  values  of  the  halfwldth,  and  slight  Inhomogeneltles 
in  the  deformation  response  from  grain  to  grain  were  therefore  consid¬ 
ered  to  have  little  Impact  on  the  analysis.  The  deviation  in  the  mean 
halfwidth  value  for  any  two  complete  exposure  sequences  performed  for 
different  surface  areas  of  each  specimen  was  found  to  average  ±3.6  min¬ 
utes  of  arc,  and  was  used  to  represent  the  error  spread  associated  with 
any  particular  data  point.  Finally,  the  mean  halfwidths  after  deformation 
were  corrected  for  the  Intrinsic  halfwldth,  8q,  of  the  virgin  specimens 
according  to  the  relation,  B  =  (3ni^  ~  3©  where  8  is  the  corrected 

halfwidth. 

The  progressive  change  in  the  halfwidths  during  cycling  was  correla¬ 
ted  to  the  development  of  surface  relief  disclosed  by  surface  microscopy. 
The  specimens  prepared  with  flat  gage  regions  and  cycled  to  regular  frac¬ 
tions  of  the  fatigue  life  were  examined  by  both  SEM  and  light  microscopy. 

A  light  etch  was  used  to  enhance  the  optical  resolution  of  the  topograph¬ 
ical  features  and  to  distinguish  the  individual  grains  comprising  the 
surface  layer.  Other  specimens  were  subjected  to  incremental  electropol¬ 
ishing  and  intermittent  optical  examination  to  ascertain  the  penetration 
of  surface  microcracks,  intrusions,  and  PSB's  into  depth. 

5.  Nondestructive  X-ray  Analysis  in  Depth 

The  final  phase  of  the  x-ray  diffraction  study  of  fatigued  alloy 
specimens  was  designed  to  analyze  the  defect  distribution  with  depth 
from  the  surface  using  a  method  by  which  the  physical  removal  of  surface 
layers  could  be  avoided.  Such  nondestructive  analysis  was  accomplished  by 
choosing  three  different  x-ray  target  metals  which  would  produce  K  spectra 
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with  different  wavelengths,  and  therefore  provide  a  variation  In  the  pene¬ 
tration  distance  Into  the  specimen  Interior.  Chromium  radiation  (iRa  = 
2.291)  and  molybdenum  radiation  (Xro  *  0.7107)  were  selected,  in  addition 
to  the  previously  employed  copper  radiation  «  1.542),  to  obtain 

three  penetration  distances  differing  by  about  an  order  of  magnitude 
[see  Appendix  A,  Sect  3].  As  a  result  of  the  absorption  characteristics 
and  experimental  reflection  geometry,  Cr  radiation  analyzed  a  layer  ran¬ 
ging  from  the  surface  to  a  depth  of  about  6  to  12  pm,  Cu  radiation 
penetrated  to  a  depth  of  20  to  35  Pm,  and  Mo  radiation  sampled  the 
grain  perfection  from  the  surface  to  a  distance  of  125  to  350  pm 
into  the  bulk.  Further  differentiation  of  the  depths  from  which  the 
Individual  grain  reflections  emanate  was  afforded  by  correlation  of  each 
array  to  its  reflection  order.  In  general,  it  was  concluded  from  the 
diffraction  geometry  that  the  back  reflections  were  derived  from  greater 
depth  than  the  forward  reflections,  while  experiencing  an  identical 
degree  of  absorption.  Thus,  the  most  Intense  spot  arrays  recorded  for 
the  forward  reflections  could  be  presumed  to  emanate  principally  from 
grains  located  at  shallow  depths,  while  the  least  Intense  back-reflected 
arrays  originated  primarily  from  grains  located  In  deeper  regions  from 
the  surface. 

The  batch  B  specimens,  prepared  and  tested  In  previous  Incremental 
fatigue  experiments,  were  used  In  the  analysis.  Specimens  cycled  to  5, 

25,  50,  75,  95,  and  100%  of  the  normal  fatigue  life  at  a  load  amplitude 
corresponding  to  the  proportional  limit  were  analyzed  successively  with 
the  three  characteristic  wavelengths.  By  measuring  the  halfwidths  as  a 
function  of  the  fraction  of  life  for  each  type  of  radiation,  progressive 
fatigue  curves  for  each  analysis  depth  could  be  constructed  and  compared. 

A  germanium  single-crystal  monochromator  with  a  (111)  surface  ori¬ 
entation  was  substituted  for  the  silicon  single  crystal  used  in  the  pre¬ 
vious  studies.  This  Improved  the  reflected  Intensity  from  the  first 
crystal  by  about  2.5  times  for  copper  and  chromium  radiation,  but  theo¬ 
retically  reduced  that  for  molybdenum  radiation  by  a  factor  of  3.5  [see 
Appendix  C,  Sect  1].  Since  for  the  longer  wavelength  Cr  radiation  only 
three  Debye  arcs  were  Intercepted  by  the  film,  the  average  half width, 

Bq],  had  to  be  calculated  from  a  smaller  sample  of  arrays.  This  Incident 
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radiation  also  produced  fewer  spots  per  Debye  arc  due  to  its  limited 
penetration  [see  Appendix  C,  Sect  2],  all  of  which  revealed  a  high  dif¬ 
fuseness  due  to  air  scattering.  To  insure  the  reliability  of  the  compar¬ 
ative  data  for  different  extents  of  cycling,  supplemental  average  half- 
widths  were  determined  for  each  of  the  Debye  arcs  independently.  Then  the 
corrected  values,  were  averaged  and  compared  to  the  overall,  cor¬ 

rected,  mean  value,  for  consistency. 

One  last  specimen  was  fatigued  to  10^  cycles  at  an  amplitude  corres¬ 
ponding  to  0.33  Op.i.  and  was  analyzed  with  Cu  and  Mo  radiation  to  exam¬ 
ine  the  In-depth  response  of  the  alloy  tested  below  its  fatigue  limit. 


IV.  RESULTS 


A.  SINGLE-CRYSTAL  STUDIES 

1.  X-ray  Rocking  Curves  of  Tensile  Deformed  Si,  Al,  and  Au  Crystals 

X-ray  rocking  curve  analysis  of  single  crystals  deformed  in  the 
uniaxial  tension  mode  revealed  a  definite  propensity  toward  preferential 
production  of  imperfections  in  the  surface  layers.  Evaluation  of  the  sur¬ 
face  rocking  curve  profiles  of  plastically  deformed  silicon,  aluminum,  and 
gold  crystals  showed  a  strain  induced  expansion  of  halfwidths  over  intrin¬ 
sic  or  undeformed  and  annealed  values,  indicative  of  the  introduction  of 
lattice  strain  and  misorlentation.  Investigation  of  the  induced  defect 
structure  as  a  function  of  depth  into  the  crystal  from  the  original  free 
surface  also  revealed  that  the  halfwidths  decreased  as  surface  layers  were 
polished  off  from  all  three  crystal  species.  These  results  are  summarized 
in  Table  1. 

Annealed  and  polished  silicon  crystals  have  a  narrow,  spike-shaped 
rocking  curve  profile  with  an  intrinsic  halfwidth,  of  only  15  seconds 
of  arc  for  the  (112)  reflection,  as  predicted  by  dynamical  theory's  pri¬ 
mary  extinction  concept  for  crystal  lattices  which  approach  "ideal  perfec¬ 
tion."  After  monotonic  deformation  to  10%  plastic  strain  at  elevated 
temperature,  the  halfwidths,  both  at  the  surface  and  in  the  bulk,  show  a 
dramatic  increase  over  the  initial  undeformed  value.  As  depicted  in  Fig¬ 
ure  12a,  the  rocking  curve  profile  at  the  surface  becomes  much  broader  and 
multlpeaked,  and  the  measured  halfwldth  increases  to  15.6  minutes  of  arc. 
Of  primary  significance  to  this  study,  however,  is  the  deformation  induced 
dependence  of  the  halfwidths  on  the  distance  from  the  surface  into  the 
crystal  bulk.  As  rocking  curves  are  recorded  at  successively  greater 
depths  from  the  original  surface  by  incrementally  polishing  away 
the  surface  layers,  they  are  found  to  become  progressively  narrower.  The 
corresponding  halfwidths  decrease  to  a  minimum  at  a  distance  of  100  to  150 
ym  from  the  surface  and  maintain  a  constant  value  further  into  the  bulk. 
Figure  12b  shows  the  typical  narrower  rocking  curve  obtained  at  a  depth  of 
100  ym  from  the  surface,  with  a  halfwldth  measuring  about  6.2  minutes  of 
arc.  Therefore,  while  at  the  surface,  the  rocking  curve  halfwidths  are 
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TABLE  1  -  MEASURED  X-RAY  ROCKING  CURVE  HALFWIDTHS 
HALFWIDTH  RATIOS ,  AND  CALCULATED  EXCESS 
DISLOCATION  DENSITIES  FOR  THE  SURFACE 
LAYERS  AND  BULK  OF  TENSILE 
DEFORMED  SINGLE  CRYSTALS 


Aluminum 

Silicon 

Gold 

Undeformed 

4.0  min  of  arc 

0.25  min 

6.0  min 

e 

P 

10% 

10% 

3% 

^s’ 

Surface 

14.0  min  of  arc 

15.6  min 

11.0  min 

11.1  min  (30  pm) 

12.6  min  (30  pm) 

9.8  min  (10-30  pm) 

• 

8.4  min  (100  pm) 

7.2  min  (100  pm) 

8.6  min  (75  pm) 

. 

8.1  min  (200  pm) 

6.8  min  (175  pm) 

8.3  min  (135  pm) 

^i* 

Bulk 

7.8  min  (300  pm) 

5.7  min  (250  pm) 

8.1  min  (220  pm) 

3.5 

62 

1.8 

hiK 

2.0 

25 

1.4 

1.8 

2.5 

1.3 

Po’ 

Undeformed 

1.83x10®  cm"^ 

3.98x10^  cm"^ 

4.06x10®  cm  ^ 

Ps5 

Surface 

2.06x10^ 

1.55x10^ 

9.56x10^ 

Ps/Pi 

3.8 

6.2 

2.7 

Increased  from  the  initial  value  by  a  factor  of  over  60  (Bg/3Q) :  those  in 

the  bulk  increase  by  a  factor  of  only  25  The  resultant  decrease 

in  the  halfwidths  from  the  surface  to  bulk  (3  /3j)  is  thus  on  the  order  of 

s  i 

2.5:1,  as  shown  in  the  "depth  profile"  for  silicon  in  Figure  13a. 

Virgin  aluminum  crystals  are  found  to  have  a  much  larger  Inherent 
rocking  curve  halfwldth  and  associated  lattice  imperfection,  characteris¬ 
tically  about  240  seconds  (4  minutes)  of  arc  for  the  (100)  reflection,  or 
16  times  that  of  virgin  silicon  crystals.  After  10%  plastic  deformation 
at  0°C  the  surface  halfwidths  expand  by  3.5  times  to  14  minutes  of  arc, 
and  the  interior  curves  Increase  in  breadth  by  a  factor  of  Just  less  than 
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Figure  12.  X-ray  rocking  curve  profiles  of  tensile  deformed  silicon 
single  crystal  (e  =  10%,  650®C,  tensile  axis  [llO],  (112)  reflection, 
CuRUj^  radiation):  (a)  original  surface,  and  (b)  after  removal  of  a 
100-pm  surface  layer. 
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Figure  13a.  Rocking  curve  halfwidths  as  a  function  of  depth  from 
the  specimen  surface  for  a  silicon  single  crystal  deformed  by  uniaxial 
tension  (Cp  ■  10%  at  650°C,  [llO]  tensile  axis,  and  (112)  reflection) 
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Figure  13c.  Rocking  curve  halfwidths  as  a  function  of  depth 
from  the  specimen  surface  for  a  gold  single  crystal  deformed  in  ten¬ 
sion  (e  =  3%,  ~  [l23]  tensile  axis,  and  (113)  reflection) 
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2  to  about  8  minutes  of  arc.  Thus,  the  6  /g  and  6, /g  values  for  aluminum 
average  l/15th  of  the  relative  halfwidth  expansions  exhibited  by  the  sur¬ 
face  layer  and  bulk  regions  of  tensile  deformed  silicon.  As  illustrated  by 
the  depth  profile  for  aluminum  in  Figure  13b,  a  decreasing  halfwidth  gra¬ 
dient  with  distance  from  the  surface  is  again  evident,  giving  a  ratio  of 

surface  to  bulk  halfwidths,  g  /g  ,  of  about  1.8.  A  constant  minimum  half- 

s  o 

width  value  is  similarly  established  at  a  distance  of  about  150  ym  from  the 
surface. 

Finally,  gold  single  crystals  exhibit  an  equivalent  microstructural 
response  to  tensile  deformation.  Although  pulled  to  only  3%  plastic  strain, 
compared  to  10%  for  the  A1  and  Si  crystals,  gold  displays  a  significant 
deformation  gradient,  characterized  by  decreasing  halfwidth  values  from  a 
high  of  11  minutes  of  arc  at  the  surface,  to  a  constant  minimum  of  8  min¬ 
utes  at  the  typical  depth  of  150  ym,  measured  for  the  (113)  reflection. 

The  reduced  degree  of  plastic  extension  produces  relative  expansions  of  the 
surface  and  interior  halfwidths  of  1.8  and  1.4,  respectively.  The  depth 
profile  for  gold  in  Figure  13c  shows  that  the  deformation  gradient  is  mani¬ 
fested  quantitatively  by  a  halfwidth  reduction  from  the  surface  to  bulk  by 
a  factor  of  1.3, 

2.  Rocking  Curves  and  Topography  of  Tensile  Deformed  A1  Crystals 

In  the  previous  section  it  was  shown  that  x-ray  rocking  curves  yield 
quantitative  information  with  regard  to  deformation  induced  lattice  imper¬ 
fection  and,  with  appropriate  surface  layer  removals,  reveal  the  defect 
distribution  as  a  function  of  depth  from  the  surface.  In  order  to  better 
understand  the  role  of  the  surface  and  bulk  during  the  early  stages  of  ten¬ 
sile  deformation,  it  is  useful  also  to  focus  attention  on  the  qualitative 
aspects  of  the  rocking  curve  profiles,  namely  their  overall  shape  and  spe¬ 
cific  features  as  a  function  of  angular  position.  This  can  be  best  accom¬ 
plished  by  correlation  with  the  topographic  images  of  the  reflecting 
lattice  subdomains.  Consequently,  x-ray  reflection  topography  was  combined 
with  the  rocking  curve  analysis  for  the  surface  and  bulk  regions  of  alumi¬ 
num  single  crystals  pulled  to  10%  plastic  strain. 

Figure  14  shows  typical  rocking  curves  obtained  for  the  deformed 
crystal  at  the  surface  and  a  depth  of  100  ym.  Beneath  them  are 
corresponding  film-recorded  topographic  exposures  taken  at  regular 
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Figure  14.  X-ray  rocking  curve  profile  correlated  to  topo¬ 
graphic  images  at  successive  angular  positions  along  the  reflecting 
range  for  tensile  deformed  aluminum  single  crystal  (Cp  =  10%,  0°C, 
tensile  axis  [lOOj  reflection,  CuKai  radiation):  (a)'^original  sur¬ 
face,  and  (b)  after  removal  of  a  100-ym  surface  layer. 

Note:  Topographs  labeled  "0"  correspond  to  rotation  through  entire 
reflection. 
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6-ininute-of-arc  intervals  during  the  crystal  "rocking"  procedure.  As 
revealed  by  Inspection  of  the  enlarged  sequence  of  Images  in  Figure  14a, 
the  deformed  surface  layer  exhibits  small,  highly  misaligned  lattice 
domains,  each  of  which  reflects  over  a  wide  angular  range.  The  former 
characteristic  is  a  substructural  feature  indicative  of  deformation 
induced  lattice  breakup,  often  described  as  the  evolution  of  a  "debris" 
layer.  The  degree  of  tilt  between  dominant  domains  is  represented  by  the 
angular  separation  of  the  intensity  maxima  of  the  multimodal  rocking 
curves.  The  latter  feature,  or  the  persistence  of  reflection  over  rota¬ 
tion  angles  of  18  to  24  minutes  of  arc,  is  a  measure  of  the  internal 
strain  produced  in  the  small  coherently  reflecting  lattice  domains  or 
"particles."  Thus,  the  overlapping  and  poorly  resolved  component  curves 
constituting  the  relatively  smooth  resultant  profile  are  pictorially 
separated  out,  or  "deconvo luted"  by  the  topographic  technique. 

In  contrast,  the  topographic  features  of  the  bulk  regions  suggest  a 
closer  resenblance  to  the  substructural  characteristics  of  an  annealed  or 
polygonlzed  material.  Reference  to  Figure  14b  shows  that  the  subdomains 
at  100  ym  in  depth  are  larger,  more  clearly  resolved,  and  remain  in  reflec- 
reflecting  position  over  a  much  narrower  angular  range.  The  domains  indi¬ 
cated  by  arrows,  for  instance,  exhibit  reflection  durations  of  only  6  to 
12  minutes  of  arc.  Hence,  a  well-defined  rocking  curve  consisting  of 
narrow,  multiple  peaks  is  generated  for  the  interior  region  of  the  speci¬ 
men. 


3.  Measurement  and  Characterization  of  Fatigue  Damage  in  A1  Crystals 

The  results  presented  in  the  previous  section  show  that  unlaxially 
deformed  single  crystals  demonstrate  a  universal  propensity  toward  pre¬ 
ferential  substructural  breakup  in  the  surface  layer  compared  to  the  bulk 
material.  After  10%  plastic  deformation,  corresponding  to  a  maximum 
applied  stress  of  about  20  MPa,  aluminum  crystals  with  a  [lOO]  axis 
orientation  typically  display  nearly  a  twofold  decrease  in  halfwidth  from 
the  high  surface  values  to  a  constant  minimum  value  at  approximately  100 
to  150  ym  into  depth.  The  subsequent  investigation  involves  the  extension 
of  the  x-ray  diffraction  analysis  to  fatigue  cycled  crystals.  For 
tension-compression  fatigue  with  constant  stress  amplitude  and  zero  mean 
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stress,  a  simple  tension  test  represents  the  first  half-cycle  of  the 
alternating  sequence.  This  relationship,  then,  provides  a  basis  upon  which 
to  compare  the  microstructural  characteristics  induced  by  monotonic  defor¬ 
mation  and  the  defect  configurations  produced  on  subsequent  stress  rever¬ 
sals  . 

Table  2  summarizes  the  results  obtained  by  rocking  curve  measurements 
from  the  (100)  reflection  of  cylindrical  aluminum  single  crystals.  The 
left  half  of  Table  2  gives  the  halfwidths  measured  from  the  surface  to  the 
bulk  after  simple  tension  testing  to  a  terminal  stress  of  17.2  MPa,  corre¬ 
sponding  to  about  10%  plastic  strain.  Inspection  of  the  halfwidth  values 
shows  a  typical  decreasing  gradient  from  a  high,  14.3  minutes  of  arc, 
halfwldth  value  at  the  surface  to  a  constant  miminum  halfwidth  of  6.3 
minutes  at  150  to  200  pm  in  depth. 

When  identical  specimens  are  subjected  to  cyclic  stress  reversals, 
even  though  carried  out  below  the  endurance  limit  at  an  amplitude  of 
1.03  MPa,  dramatic  differences  in  the  defect  distribution  are  evident. 

As  recorded  on  the  right  half  of  Table  2  and  shown  in  Figure  15,  a  decline 
in  breadths  can  again  be  detected  as  the  surface  layers  are  incrementally 
removed  to  a  distance  of  100  ym  from  the  surface.  At  this  depth,  however, 
contrary  to  the  observations  for  simple  extension,  instead  of  continuing 
to  descend  toward  a  minimum  value  in  the  specimen  core,  the  breadths  for 
the  fatigued  crystal  rise  again  to  a  plateau  level  in  the  bulk.  This 
plateau  region  is  established  at  a  depth  of  about  200  ym,  the  same  depth 
at  which  the  tension  curves  level  off  at  a  constant  minimum  value,  and 
extends  throughout  the  specimen  core.  The  most  striking  consequence  of 
cycling  at  low  stress  is  that  the  decreasing  gradient  from  the  surface  to 
the  bottom  of  the  profile  "well"  in  the  subsurface  region  extending  from 
50  to  200  ym  in  depth  results  in  a  drop  in  breadth  below  the  intrinsic 
halfwidth  value  of  the  virgin  crystals.  While  the  surface  halfwidth  after 
l  X  10^  cycles  measured  about  11  minutes  of  arc,  the  halfwidth  at  100  ym 
depth  is  about  2  minutes  of  arc,  considerably  less  than  the  Inherent  half- 
width  of  5.7  minutes.  Further,  even  after  ascending  to  a  plateau  level  at 
<r»<iter  distances  from  the  surface,  the  breadths  in  the  crystal  bull?  do 
'  .'■ceed  that  of  the  undeformed  crystal. 
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TABLE  2  -  X-RAY  ROCKING  CURVE  DATA  AS  A  FUNCTION 
OF  DEPTH  FROM  THE  SURFACE  FOR  CYLINDRICAL 
ALUMINUM  MONOCRYSTALS;  [lOO]  LOADING  AXIS 
(100)  REFLECTION 


N  =  1/2, 

0  =  +17.2  MPa* ** 

N  =  2  X  10^, 

a  =  ±1.03  MPa 

Depth 

from 

Surface 

X  (ym) 

Average 

Measured 

Halfwidth 

3m  (min 
of  Arc) 

Depth 

from 

Surface 

X  (ym) 

Average 
Measured 
Half width 
3in  (min 
of  arc) 

0 

14.3 

0 

10.8 

30 

12.8 

25 

5.6 

50 

3.9 

63 

3.5 

80 

9.5 

74 

2.9 

90 

2.1 

105 

3.0 

122 

3.5 

130 

7.8 

135 

3.3 

150 

4.5 

165 

4.4 

200 

6.3 

210 

4.6 

270 

4.9 

Bg  (undeformed)  =  3^  (undeformed)  = 

5;4  min  of  arc  5.7  min  of  arc 


*Simple  tension. 

**Tens ion-compression  fatigue. 

B.  A1  2024  ALLOY  STUDIES 

1.  Rocking  Curve  Analysis  of  the  Surface  Layer  during  Incremental 
Fatigue 

In  the  previous  sections,  the  results  of  x-ray  diffraction  studies  of 
monotonically  deformed  and  fatigue-cycled  single  crystals  were  described. 
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Figure  15.  Halfwidth  depth  profile  for  an  aluminum 
single  crystal,  fatigued  in  the  high-cycle  range,  tension- 
compression  mode  (o^  =  ±1.03  MPa,  200,000  cycles,  [lOO]  axis 
orientation,  (100)  reflection) 


Rocking  curve  analysis  of  the  defect  distribution  and  the  microstructural 
characterization  afforded  by  reflection  topography  could  be  successfully 
interpreted  in  terms  of  a  preferential  collection  of  imperfections  in  a 
surface  "debris"  layer,  and  to  explain  many  mechanical  properties  of  ten¬ 
sile  and  fatigue  specimens.  It  was  decided,  therefore,  to  employ  a  similar 
x-ray  technique  to  analyze  the  deformation  characteristics  of  a  polycry¬ 
stalline  metal.  The  first  phase  of  the  study  of  A1  2024-T3  was  designed 
to  measure  the  change  in  defect  concentration  in  the  surface  layer  as  a 
function  of  the  fraction  of  fatigue  life.  A  special  x-ray  double-crystal 
diffractometer  was  used  to  generate  pictorial  rocking  curves  for  the 
individual  reflecting  grains  located  at  the  specimen  surfaces.  As  recorded 
in  Table  3,  the  two  A1  2024  batches  used  in  the  alloy  investigation,  having 
grain  sizes  of  44  and  33  ym  in  diameter,  were  found  to  have  average  half- 
wldths  of  45.0  and  20.6  minutes  of  arc,  respectively,  after  similar  heat 
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TABLE  3  -  COMPARISON  OF  SOME  MORPHOLOGICAL,  X-RAY 
diffraction,  monotonic,  and  fatigue  PROPERTIES 
OF  THE  TWO  A1  2024  ALLOY  STOCKS 


Batch  Designation 

A 

B 

Grain  Size  (ym) 

44 

33 

Undeformed  Halfwidth, 
(minutes  of  arc) 

45.0 

20.6 

Proportional  Limit, 

S.l. 

200  MPa 

29  ksi 

280  MPa 
41  ksi 

Cycles  to  Failure, 

Nf  (at  =  ±ap_^_) 

21.1  X  10^ 

7.5  X  10^ 

Stress  Amplitude 

Oa  =  (3M)Op 

Cycles  to  Failure,  N^ 

150  MPa 

19.1  X  10^ 

210  MPa 

2.85  X  10 

Stress  Amplitude, 

a  =  (1/2)0  , 

a  p.l . 

Cycles  to  Failure,  N. 

100  MPa 

6.74  X  10^ 

140  MPa 

1.00  X  lo' 

treatment  and  aging  at  ambient  temperature.  Also  tabulated  are  the  static 

and  cyclic  mechanical  data  pertinent  to  the  study.  Batch  A  (44-pm  grain 

size)  had  a  proportional  limit  for  static  tension  of  200  MPa,  compared  to 

the  predictably  higher  value  for  the  smaller  grain  size  batch  B  of  280 

MPa.  Fatigue  cycling,  at  a  stress  amplitude  equivalent  to  each  stock's 

respective  proportional  limit,  resulted  in  cycles  to  failure  on  the 
3  3 

order  of  21.1  x  .’0  for  batch  A  and  7.5  x  10  for  batch  B.  Figure  16  dis¬ 
plays  a  typical  S-N  curve  constructed  for  batch  A,  plotting  the  number  of 
cycles  to  failure  for  tension-compression  fatigue  cycling  with  zero  mean 
stress  and  stress  amplitudes  corresponding  to  1.0,  0.75,  and  0.50  of  the 
proportional  limit. 
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STRESS  AMPLITUDE 


Figure  16.  S-N  curve  for  A1  2024,  batch  A,  fatigued  in  the  push- 
pull  mode.  Note:  Each  data  point  corresponds  to  average  for  at  least 
three  specimens. 
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As  a  preliminary  evaluation  of  the  effect  of  alternate  stress 
cycling  on  the  Individual  grain's  reflection  arrays,  several  specimens 
were  cycled  stepwise  to  failure  at  200  MPa,  with  Intermittent  x-ray 
analysis  of  the  surface  grains .  Figures  17  through  19  provide  a  basis 
for  following  the  fatigue-induced  substructure!  response.  The  grain 
reflections  lying  along  selected  Debye  arcs  for  an  undeformed  cylindrical 
alloy  specimen  are  presented  in  Figure  17.  The  film-recorded  reflections 
are  distinct  and  short  In  angular  duration.  The  halfwidths,  obtained  by 
recording  the  intensity  variation  of  successive  spots  as  a  function  of 
their  angular  separation  by  microphotometry,  are  measured  to  be  about  45 
minutes  of  arc.  After  fatigue  cycling  to  about  30%  of  the  fatigue  life, 
or  6300  cycles,  the  grain  reflections  become  considerably  more  diffuse 
and  persist  over  a  greater  angular  range.  The  detail  of  reflections  at 
this  stage  in  the  fatigue  life,  shown  in  Figure  18,  displays  the  enhanced 
intensity  and  broad,  65  minutes  of  arc,  halfwidths  characteristic  of  the 
grains  of  a  cycled  alloy.  After  about  95%  of  the  fatigue  life,  the  strik¬ 
ing  grain  reflection  persistence  is  even  more  evident,  as  in  Figure  19. 

At  this  last  stage,  the  arrays  appear  broadened  in  both  the  horizontal 
and  vertical,  or  azimuthal,  directions,  and  breakup  into  a  subgrain  struc¬ 
ture  is  indicated  by  the  intensity  fluctuations  in  these  directions.  The 
surface  grain  halfwldths  expand  on  the  average  to  over  75  minutes  of  arc. 

A  substantial  integrated  intensity  enhancement  of  the  arrays  is  also 
associated  with  imminent  failure,  probably  due  to  a  reduction  in  secondary 
extinction  caused  by  fragmentation  into  a  surface  debris.  Reference  to 
Figure  20  shows  the  complete  Debye  pattern  from  which  the  grain  reflec¬ 
tions  in  the  former  figure  were  chosen.  As  previously  discussed  in  the 
Experimental  section,  statistical  analysis  of  the  grain  reflection  breadths 
permits  a  quantitative  evaluation  of  the  micros true tural  response  during 
Incremental  fatigue  cycling.  Table  A  summarizes  the  surface  rocking  curve 
data  collected  for  batch  A  specimens  for  stepwise  fatigue  employing  vari¬ 
ous  stress  amplitudes.  Figure  21  presents  the  same  data  plotted  against 
the  actual  number  of  fatigue  cycles  to  which  the  percentages  of  life 
correspond.  Inspection  of  the  curves  for  stress  amplitudes  equivalent  to 
0.5,  0.75,  and  1.0  o  ,  leads  to  the  formulation  of  a  general  behavioral 
First y  the  lower  the  stress  amplitude ,  the  greater  Is  the  number 


Figure  17.  Detail  of  the  grain  reflections  for  A1  2024  prior  to 
fatigue  (CuKa  monochromated  radiation,  angular  specimen  settings  5  min¬ 
utes  of  arc):  (a)  (200),  (311),  and  (222)  reflections;  and  (b)  (331) 
and  (410)  reflections. 


Figure  18.  Detail  of  the  grain  reflections  of  A1  2024  cycled  to 
30.4%  of  the  fatigue  life  with  a  stress  amplitude  of  +200  MPa:  (a) 

(200),  (311),  and  (222)  reflections;  and  (b)  (331)  and  (410)  reflections. 


Figure  19.  Detail  of  the  grain  reflections  of  A1  2024  cycled 
95.7%  of  the  fatigue  life  with  a  stress  amplitude  of  ±200  MPa: 

(a)  (200),  (311),  and  (222)  reflections;  and  (b)  (331)  and  (420) 
reflections . 


Figure  20.  Debye  pattern  for  fatigue  cycled 
A1  2024  alloy  showing  azimuthal  limits  for  grain 
reflection  analysis.  Note:  Regions  (a)  and  (b) 
correspond  to  enlarged  arrays  in  Figure  19. 


TABLE  4  -  ROCKING  CURVE  DATA  FOR  FATIGUE  STUDIES 
OF  A1  2024,  BATCH  A 


Series 

Number 

^0 

Stress 

Fraction 
of  Life, 

Surface 

Half¬ 

width, 

$ 

^median 

Corrected 

Halfwidth 

Amplitude 

N/N^  (%) 

i" 

s 

s  s  < 

Incremental 

Fatigue  Studies* 

22 

55.6  min 

50  min 

35.2 

10 

43.0  min 

44 

57.1 

55 

37.6 

a  = 
a 

±100  MPa 

66 

88 

62.5 

66.2 

65 

65 

45.4 

50.3 

100 

77.5 

75 

64.5 

9.5 

60.4  min 

57.5  min 

38.3 

19 

65.4 

65 

45.8 

20  and  3C 

1  46.7  min 

28 

66.3 

65 

47.1 

o  = 
a 

±150  MPa 

47 

94 

68.7 

71.5 

70 

75 

50.4 

54.1 

100 

79.9 

80 

64.8 

19 

60.0  min 

65  min 

39.7 

40 

45.0  min 

31 

66.2 

70 

48.6 

a  = 

±200  MPa 

66 

71.9 

75 

56.1 

a 

96 

76.7 

80 

62.1 

100 

80.5 

85 

66.7 

Depth  Profile  Studies** 

70 

45.0  min 

25 

60.9  min 

60  min 

41.0 

50  ^ 
80  % 

=  ±200  MPa 

75 

95 

73.0 

76.7 

70 

75 

57.5 

62.1 

*Surface  halfwidths  measured  for  incremental  fraction  of  the 

life. 


**Supplemental  surface  halfwidths  from  depth  profile  investiga¬ 
tion. 
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Figure  21.  Change  In  Che  surface  halfwidths  with  progressive 
fatigue  cycling  of  A1  2024  alloy,  batch  A. 
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of  cycles  required  to  generate  any  given  degree  of  haJfwidth  expansion;  for 
the  stress  levels  employed  in  this  study,  the  curves  are  shifted  relative 
to  one  another  by  about  an  order  of  magnitude.  Second,  the  progressive 
fatigue  curves  suggest  a  three-stage  response  to  the  cycling  process;  an 
initial  period  of  rapid  expansion  of  absolute  balfwidths,  an  intermediate 
stage  of  more  gradual  increase,  and  a  final  stage  of  rapid  increase  prior 
to  failure.  Third,  though  all  applied  stress  amplitudes  generate  similarly 
shaped  curves,  the  slope  of  the  second-stage  portion  as  well  as  the  termi¬ 
nal  halfwidth  value  for  this  transient  stage  declines  with  decreasing 
amplitude.  Thus,  the  surface  to  intrinsic  halfwidth  ratio, at  the 
end  of  the  second  stage  varies  from  1.70  for  o_  =  ±200  MPa  to  1.40  for 
a  =  ±100  MPa.  Finally,  the  halfwidth  at  fracture,  or  the  critical  value, 

SL 

g*,  is  nearly  the  same  for  specimens  cycled  at  all  three  stress  levels, 
differing  by  less  than  the  experimental  error  in  measurement  of  ±3.6  min¬ 
utes  of  arc.  Averaging  about  80  minutes  of  arc  for  the  critical  half¬ 
width,  the  alloy  suffers  a  relative  expansion  from  the  undeformed 
condition  to  ultimate  fatigue  failure  of  nearly  1.8  times.  The  three- 
stage  character  of  the  corrected,  average  halfwidth  expansions  for  surface 
grains,  3  ,  is  plotted  against  the  fraction  of  fatigue  life,  N/N, ,  in 
Figure  22.  The  first  stage  of  fatigue  at  ±200  MPa,  manifested  by  a  steep 
increase  in  halfwidths,  implies  a  rapid  generation  of  defects  in  the  sur¬ 
face  layer.  The  stage  II  portion  of  the  curve  between  25  and  90%  of  the 
life  has  a  more  gradual  incline.  This  transient  period  of  relative  half¬ 
width  value  stability  is  followed  by  another  rapid  increase  in  halfwidths 
from  95%  of  the  life  to  failure. 

Figure  23  Includes  the  data  obtained  for  cycling  at  +150  and  100  MPa 
in  the  graphical  representation  of  the  halfwldth  response  to  Incremental 
fatigue.  It  is  immediately  evident  that  the  halfwidth  expansions  under 
these  lower  stress  amplitudes  are  similar  to  that  obtained  for  the  initial 
stress  level.  All  the  curves  fall  within  experimental  error  bands  of 
±3.6  minutes  of  arc.  This  Indicates  that  the  surface  defect  concentration 
Introduced  by  cycling  to  any  fraction  of  the  fatigue  life  is  virtually 
Independent  of  the  stress  amplitude  employed.  The  slopes  for  stages  I, 

II,  and  III  are  about  1.86,  0,23,  and  1.40,  respectively. 


SURFACE  HALFWIDTH, (minutes Of  ore) 


FRACTION  OF  FATIGUE  LIFE ,  N/Nf  l7o) 

Figure  22.  Surface  halfwidths  as  a  function  of  the  fatigue  life 
for  A1  2024,  batch  A,  cycled  at  ±200  MPa. 
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Figure  24.  Schematic  rocking  curves  (above)  for  actual  grain 
reflection  arrays  (below)  recorded  during  controlled  rotation  of  A1  2024 
alloy  specimens  [intensity  profiles  constructed  from  microphotometric 
scan  of  each  spot  array;  sample  reflections  taken  from  (222)  Debye 
arcsj:  (a)  undeformed,  annealed,  and  polished;  (b)  fatigue  cycled  to 
N/Nj  =  0.75,  and  (c)  cycled  to  N/N^  =  0.95. 
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2,  Elucidation  of  the  Fatigue-Induced  Surface  Morphology 

In  orde  to  further  differentiate  the  three  stages  comprising  the 
surface  layer  response  to  fatigue  cycling,  the  topographic  features  dis¬ 
played  by  the  grain  reflections  can  be  correlated  to  the  morphological 
changes  at  the  surface  during  the  fatigue  life.  Analogous  to  the  single¬ 
crystal  study.  Figure  24  presents  photographic  enlargements  of  typical 
grain  reflections  obtained  for  0,  75,  and  95%  of  the  fatigue  life,  in 
conjunction  with  their  schematic  rocking  curve  profiles.  These  were  con¬ 
structed  by  carrying  out  microphometric  film  density  measurements  of  the 
intensity  variation  of  the  spot  reflections  as  a  function  of  angular  spe¬ 
cimen  position.  Prior  to  cycling,  the  annealed  alloy  gives  a  well- 
resolved  grain  reflection  of  short  angular  range,  shown  in  Figure  24a. 
Consequently,  the  corresponding  rocking  curve  is  narrow  and  single  peaked. 
The  spot  arrays  after  fatigue  cycling  to  75%,  lying  midway  into  the  second 
stage  of  the  fatigue  life,  illustrate  the  introduction  of  lattice  defects 
into  the  individual  grains.  The  grain  reflection  in  Figure  24b  reveals 
some  degree  of  vertical  breakup,  indicative  of  subgrain  formation.  The 
rocking  curve  construction  begins  to  exhibit  a  shoulder  resulting  from 
subgrain  tilt,  and  an  overall  broadening  due  to  the  combined  effect  of 
subdomain  mlsorlentation,  and  Internal  strain  and  lattice  misalignment. 

The  transition  from  the  steady-state  second  stage  to  an  unstable  period 
of  rapid  breadth  expansion  prior  to  failure  can  be  characterized  by  an 
escalation  of  the  grain  fragmentation  by  intense  multiplication  and 
interaction  of  lattice  defects.  The  intensity  oscillation  along  the  angu¬ 
lar  reflecting  range  becomes  more  pronounced.  The  spot  reflections  shown 
in  Figure  24c  become  increasingly  diffuse  and  larger  in  number,  generating 
a  broad,  multlpeaked  rocking  curve  profile. 

The  morphological  examination  of  the  surface  afforded  by  light  and 
scanning  electron  microscopy  displays  transitional  stages  consistent 
with  those  identified  by  x-ray  analysis.  As  shown  in  the  SEM  photomicro¬ 
graph,  Figure  25,  several  specimens  were  especially  prepared  with  spark- 
erosion  planed  flat  regions  along  the  gage  length  prior  to  final 
electropolishing  and  cycling  to  25,  75,  and  95%  of  the  fatigue  life. 

ITie  specimens  cycled  to  25%,  representing  the  end  of  stage  I,  exhibited 
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Figure  24.  Schematic  rocking  curves  (above)  for  actual  grain 
reflection  arrays  (below)  recorded  during  controlled  rotation  of  A1  2024 
alloy  specimens  [intensity  profiles  constructed  from  mlcrophotometrlc 
scan  of  each  spot  array;  sample  reflections  taken  from  (222)  Debye 
arcs]:  (a)  undeformed,  annealed,  and  polished;  (b)  fatigue  cycled  to 
N/Nj  •  0.75,  and  (c)  cycled  to  N/N^  “  0.95. 


Figure  25.  Scanning  electron  micro¬ 
graph  of  the  flat  gage  region  especially 
prepared  by  spark-erosion  planing,  prior 
to  electropolishing  and  testing  of  the  spe¬ 
cimen.  (lOX) 


no  evidence  of  structural  change  at  the  surface.  After  cycling  well  into 
stage  II  to  75%,  however,  there  emerges  some  evidence  of  cyclically 
induced  slip.  While  the  400X  light  micrograph  of  the  unetched  specimens 
at  75%  (Figure  26a)  reveals  little  or  no  slip  markings,  fine  slip  traces 
are  perceptible  for  etched  specimens  at  200X  (Figure  27a  and  27b)  and  at 
400X  (Figure  28a).  In  contrast,  after  cycling  to  95%,  representing  the 
onset  of  stage  III,  Intersecting  bands  of  densely  packed  slip  traces  are 
found  traversing  the  specimen  surface  along  the  entire  gage  length,  as 
shown  in  the  optical  micrographs  of  etched  specimens  (Figures  27c,  27d, 
and  28b) .  In  some  localized  regions  of  the  gage  length,  these  bands  group 
into  packets,  producing  striation-like  features  encircling  the  specimen 
gage  section,  shown  in  the  SEM  photographs  (Figure  29).  Reference  to  the 
light  micrograph  for  an  unetched  specimen  cycled  to  95%  (Figure  26b) 
gives  witness  to  an  apparent  generation  of  deep  grooves,  or  persistent 
slip  bands  at  the  surface,  also  shown  in  the  high-magnification  SEM 
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Figure  28.  Optical  micrographs  of  etched 
A1  2024  specimens  showing  intragranular  and  trans- 
granular  slip  traces  induced  by  fatigue  cycling 
(400X):  (a)  0.75  N/N,,  and  (b)  0.95  N/N,. 
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Figure  29.  SEM  photomicrograph  of 
an  A1  2024  specimen  cycled  to  95%  of  the 
fatigue  life  at  +200  MPa  (250X) : 

(a)  striations  encircling  the  gage  sec¬ 
tion  comprising  packets  of  slip  bands, 
and  (b)  intersecting  bands  of  densely 
packed  slip  traces. 
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photomicrograph  (Figure  30) .  They  eventually  assume  either  an  intrusion 
or  extrusion  character,  as  exhibited  by  the  extruded  ridge  in  Figure  31a. 
Incipient  fatigue  cracks  are  nucleated  at  the  FSB's  or  small  etch  pits 
left  as  a  by-product  of  electropolishing,  as  shown  in  Figure  31b.  The 
observation  of  very  fine  slip  bands  for  A1  2024  after  fatiguing  to  75%  of 
the  life  (Figures  27a  and  27b)  indicates  that  they  may  be  removed  without 
any  appreciable  increase  in  N^.  in  fact,  it  was  found  that  no  slip  traces 
or  FSB's  could  be  detected  after  removal  by  electropolishing  of  a  surface 
layer  of  only  25-ym  thickness  from  specimens  cycled  75  or  95%  of  their 
lives.  Although  specimens  fatigued  to  95%  of  their  lives  no  doubt  contain 
small  cracks  (Figure  26b) ,  attempts  to  identify  the  existence  of  percepti¬ 
ble  fatigue  cracks  at  95%  of  the  life  by  exposure  to  radioactive  Krypton 
(KET  Inspection,  performed  by  Qual-X,  Incorporated,  Hilliard,  Ohio)  were 
unsuccessful. 

The  scanning  electron  micrographs  of  the  fracture  surface  shown  in 
Figures  32  and  33  illustrate  the  adherence  to  a  typical  fatigue  failure 
mode.  After  fracture  is  initiated,  the  sheared  surfaces  are  smoothed  by 
cyclic  rubbing,  or  friction  (Figure  33a) .  At  higher  magnification  (Figure 
33b)  the  resolution  of  finer  topography  reveals  striatlons  due  to  crack 
arrest  after  the  tensile  portion  of  each  cycle.  Final  failure  occurs  by  a 
ductile  rupture  mode  when  the  circumferential  cracks  reduce  the  effective 
cross-sectional  area  sufficiently  to  produce  catastrophic  fracture.  Small, 
micron-size  dimples  are  also  prevalent  on  the  fracture  surface  where 
inclusions  may  have  been  ripped  free. 

3.  Response  of  the  Surface  and  Bulk  to  Fatigue  Cycling 

A  comprenensive  evaluation  of  the  fatigue  response  in  polycrystalline 
materials  should  also  Include  x-ray  analysis  as  a  function  of  distance 
into  the  specimen  interior.  In  a  manner  similar  to  that  employed  in  the 
single-crystal  studies,  an  Incremental  polishing  technique  was  used  to 
generate  representative  depth  profiles  for  the  A1  2024  specimens  at  vari¬ 
ous  fractions  of  the  life.  The  variation  of  individual  grain  halfwidths 
with  the  distance  from  the  specimen  surface  was  found  to  be  remarkably 
similar  to  the  profile  exhibited  by  a  fatigued  monocrystal. 
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Figure  31.  High-magnification  SEM  photomicrographs  of  an  A1  2024 
specimen  cycled  to  95%  of  the  fatigue  life  at  ±200  MPa,  unetched 
(6000X) :  (a)  extruded  ridge  from  a  slip  band  on  the  specimen  surface; 

and  (b)  microcracks  nearly  normal  to  the  specimen  axis,  initiated  with¬ 
in  PSB's  and  small  residual  pits  from  the  surface  electropolishing. 
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Figure  33.  Detail  of  the  fracture  surface  by  SEM  photomicroscopy: 
(a)  inclined  shear  failure  region,  smoothed  by  cyclic  friction,  and 
ductile  rupture  in  a  plane  normal  to  the  specimen  axis  (foreground) 
(300X);  and  (b)  striatlons  due  to  fracture  arrest  after  the  tensile 
half-cycles  (lOOOX), 


96 


The  series  of  x-ray  patterns  presented  in  Figures  34  through  36  were 
obtained  in  the  preliminary  in-depth  study.  The  first  pattern.  Figure  34, 
shows  the  actual  grain  reflections  of  the  alloy  specimens  prior  to  fatigue. 
The  Debye  pattern  in  Figure  34a  and  the  enlarged  images  of  representative 
grains  P  in  Figure  34b  reveal  the  narrow  reflection  range  expected  for  the 
undeformed  condition.  After  fatigue  to  only  0.15%  of  the  total  life  at 
±100  MPa,  or  0.5  o  ,  ,  the  resultant  breakup  of  the  grains  into  a  highly 

p  •  X  • 

fragmented  subgrain  structure  is  immediately  evident  in  Figure  35.  The 
grains  Q,  in  particular,  both  display  two  or  more  dominant  subgrains  mis- 
oriented  with  respect  to  the  vertical  direction,  given  by  the  apparent 
azimuthal  spread  or  broadening,  and  in  the  horizontal  direction  as  given  by 
the  relative  shift  in  the  multimodal  arrays'  peak  displacements.  The  over¬ 
all  reflection  duration  is  substantially  enhanced  as  a  result  of  the 
induced  misalignment  and  internal  strain  associated  with  the  individual 
subdomains  or  particles  contributing  to  the  spot  arrays.  The  average  half¬ 
width  obtained  by  microphotometric  traversal  is  about  55  minutes  of  arc. 
After  removal  of  a  100-ym  surface  layer,  x-ray  analysis  discloses  a  bulk 
substructure  due  to  fatigue  that  obviously  differs  markedly  from  that  pro¬ 
duced  at  the  surface.  The  spot  arrays  are  found  to  be  much  narrower  in 
width,  measuring  about  45  minutes  of  arc,  or  nearly  the  value  for  unde¬ 
formed  specimens.  The  substructure,  typified  by  the  grains  R  in  Figure  36 
reflects  a  sharp-peaked  polygonized  configuration.  Further  layer  removals 
increase  the  resolution  of  the  relatively  unstrained  but  mutually  misor- 
iented  reflecting  domains  constituting  the  grains  in  the  specimen  bulk 
material. 

Table  5  summarizes  the  quantitative  data  for  this  preliminary  investi¬ 
gation,  in  addition  to  the  results  of  depth  profile  analysis  for  cycling 
at  ±200  MPa,  or  1.0  o  ,  ,  to  25,  75,  and  95%  of  the  total  fatigue  life. 
Figure  37  presents  a  graphical  construction  of  the  actual  depth  profiles. 

The  curve  showing  the  dependence  of  the  average,  corrected  halfwidths, 

3,  with  distance  from  the  surface  for  0.15%  of  the  life  approximates  the 
shape  previously  identified  for  profiles  from  tensile  deformed  monocrystals. 
For  this  early  stage  in  the  cycling  sequence,  the  depth  effect  is  char¬ 
acterized  by  a  simple  decreasing  halfwidth  gradient,  with  a  reduction  in 


grain  reflections,  and  (b)  detail  of 


TABLE  5  -  X-RAY  ROCKING  CURVE  DATA  FOR  DEPTH  PROFILE 
AND  RECYCLING  STUDIES  OF  A1  2024,  BATCH  A 


Measured 

Corrected 

Series  N/Nj 
Number  (%) 

oa 

(MPa) 

Depth,  X  (ym) 
or  N/N,(%) 

Half- 

width, 

^median 

Half width 
^(Bo  = 

X 

Bx 

45.0  min) 

1  0.15 

100 

0  (surface) 

53.0  min 

55  min 

28.0 

100  ym 

47.0 

45 

13.6 

200 

46.0 

45 

9.5 

70  25 

200 

0  (surface) 

60.9  min 

CO  min 

41.0 

50  ym 

50.2 

50 

22.2 

150 

50.0 

50 

21.8 

250 

52.0 

55 

26.1 

400 

50.5 

55 

22.9 

50  75 

200 

0  (surface) 

73.0  min 

70  min 

57.5 

50  ym 

57.0 

55 

35.0 

125 

55.0 

50 

31.6 

250 

64.5 

60 

46.2 

400 

62.6 

60 

43.5 

0.1% 

54.3  min 

50 

30.4 

Recycling 

1.0 

3.0 

48.2 

52.0 

45 

50 

17.3 

26.1 

5.0 

54.2 

55 

30.2 

0  (new  surf.) 

50  ym 

50.2  min 

50  min 

22.2 

125 

48.0 

45 

16.7 

Second  Depth 

Profile 

250 

400 

48.5 

48.7 

50 

50 

18.1 

18.6 

1500  (spec, 
center) 

49.0 

50 

19.4 

80  95 

200 

0  (surface) 

76.7  min 

75 

62.1 

50  ym 

64.8 

60 

46.6 

100 

58.2 

55 

36.9 

175 

65.2 

67,5 

47.2 

250 

69.7 

70 

53.2 

400 

68.1 

67.5 

51.1 

1/2  cycle 

69.2  min 

70  min 

52.6 

0.1% 

66.2 

65 

48.6 

1.0 

61.8 

60 

42.4 

Recycling 

2.0 

60.0 

60 

39.7 

3.0 

60.2 

60 

40.0 

5.0* 

64.7 

65 

46.5 

*Followed  by  cycling  to  failure  at  N  =  16.9  x  10^  **  80%  of  nor¬ 
mal  life. 
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DISTANCE  FROM  SURFACE, x(/tin) 


Figure  37,  Depth  profiles  (3  vs  depth,  x)  for  various 
fractions  of  the  total  fatigue  life  of  Al  2024  specimens. 


102 


corrected  breadth  value  by  about  a  factor  of  2.8  from  the  immediate  sur¬ 
face  to  the  bulk,  where  the  half width  becomes  constant  at  about  200  urn  in 
depth. 

After  5%  of  the  life,  the  halfwidths  over  the  entire  cross  section  of 
the  specimen  are  visibly  enhanced.  However,  a  shallow  well  or  minimum 
begins  to  be  perceptible  in  the  sublayer  centered  at  about  100  pm  in  depth, 
analogous  to  the  behavior  previously  observed  for  the  fatigued  single 
crystal  in  Figure  15.  Specimens  cycled  to  still  greater  fractions  of  the 
fatigue  life  derive  both  greater  halfwldth  expansions  at  all  depths  and  a 
more  pronounced  halfwldth  well  in  the  subsurface  region.  It  Is  also  evi¬ 
dent  from  Figure  37  that  the  surface  and  bulk  regions  experience  signifi¬ 
cantly  different  rates  of  halfwldth  expansion  during  various  stages  In  the 
fatigue  process.  The  change  in  the  surface  halfwidths  after  25%  repre¬ 
sents  over  half  the  total  change  Incurred  during  the  entire  life,  while 
the  bulk  values  at  this  stage  show  a  fractional  change  more  nearly 
equivalent  to  the  actual  extent  of  cycling.  At  75%,  the  surface  halfwidths 
already  show  signs  of  saturation,  but  the  bulk  values  again  reveal  a  con¬ 
sistency  with  the  fraction  of  life  actually  expended.  Thus,  the  rapid 
substructural  response  inherent  particularly  to  the  stage  I  of  surface 
halfwldth  expansion  is  accompanied  by  a  much  more  consistent  Incremental 
change  in  the  bulk  for  each  fatigue  interval,  giving  a  steady  increase  in 
measurable  "damage"  to  the  bulk  throughout  the  fatigue  life. 

Also  in  strict  adherence  to  the  behavior  observed  for  single-crystal 
fatigue  Is  the  leveling  off  of  the  profiles  at  a  plateau  level  at  200  pm 
in  depth.  For  cycling  to  very  low  percentages  of  the  fatigue  life,  the 
monotonlc  decline  in  halfwidths  terminates  at  a  constant  value  at  this 
distance  from  the  surface,  which  Is  retained  as  a  transitional  region 
throughout  the  life  during  the  gradual  elevation  of  the  plateau  level. 

4.  Effects  of  Fatigue  Cycling  in  the  Absence  of  the  Surface  Layer 

The  depth  profile  analysis  of  cycled  alloy  specimens  provided  ample 
evidence  of  bulk  microstructural  changes,  especially  prevalent  at  the 
later  stages  of  the  fatigue  life.  As  a  consequence  of  these  observations, 
an  effort  was  made  to  evaluate  the  stability  of  the  defect  structure 


103 


induced  in  the  bulk  by  removing  the  surface  layer  and  recycling.  In  order 
to  insure  complete  elimination  of  the  surface  "debris"  layer,  the  specimens 
were  electropolished  to  a  400-|/n  depth.  The  specimens  then  featured  a 
uniform  halfwldth  value  over  the  cross  section  equal  to  the  bulk  plateau 
value  Induced  by  the  prior  fatigue.  Recycling  was  carried  out  at  the  same 
load  amplitude  as  maintained  for  the  prefatlgulng. 

Inspection  of  Figure  38  indicates  that,  for  specimens  cycled  to  95 
and  75%  of  the  average  fatigue  life,  surface  removal  and  recycling  causes 
a  dramatic  decline  in  the  corrected  halfwldth  values  at  the  new  surface. 

The  halfwidths  dip  steeply  toward  the  virgin  specimen  curve  width,  the  75% 
specimen  exhibiting  a  faster  and  stronger  recovery  phenomenon.  For  75% 
prior  fatigue,  the  halfwidths  are  reduced  by  about  two-thirds  after  only 
300  cycles,  or  1.5%  of  the  normal  fatigue  life  at  ±200  MPa.  For  specimens 
precycled  95%,  the  reduction  in  breadths  proceeds  more  sluggishly  to  a 
minimum  after  400  cycles,  or  2%  of  the  total  life.  A  weaker  halfwidth 
decline  by  about  one-fifth  is  attained,  since  by  this  late  stage  in  the 
life  the  specimen  surely  contains  cracks.  After  passing  through  a  mini¬ 
mum,  the  halfwidths  increase  again  at  a  rate  nearly  equal  to  that  calcu¬ 
lated  for  the  stage  1  portion  of  previously  constructed  progressive  fatigue 
curves  (see  Figure  23) ,  indicating  a  regeneration  of  a  new  highly  deformed 
surface  layer. 

The  composite  diagram  presented  in  Figure  39  collects  the  results 
from  both  the  depth  profile  and  recycling  studies,  expressed  in  terms  of 
the  Induced  changes  in  excess  dislocation  density  [see  Chapter  V,  Section 
A.l.a].  Part  A  of  Figure  39  provides  depth  profiles  for  the  specimens 
cycled  to  75  and  95%  of  the  life,  obtained  by  incremental  surface  layer 
removal  to  a  total  depth  of  400  pm.  Part  B  of  Figure  39  again  exhibits 
the  effect  of  the  recycling  procedure  on  the  defect  concentration  of  the 
new  surface  grains  which,  at  the  outset,  have  an  inherent  imperfection 
given  by  the  plateau  level  after  prior  fatigue.  The  specimen  subjected 
to  75%  prior  fatigue  was  recycled  only  5%  and  then  analyzed  in  depth  to 
reexamine  the  defect  concentration  and  distribution.  The  second  depth 
profile  for  this  specimen.  Part  C  of  Figure  39,  discloses  that  the  recovery 
phenomenon  is  not  restricted  to  grains  located  at  the  surface,  but  rather 
occurs  throughout  the  cross  section.  Comparison  of  the  profile  heights 
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Figure  38.  Effect  of  recycling  on  the  (new) 
surface  halfwidths  after  removal  of  a  400-ym  surface 
layer  from  prefatigued  specimens:  (a)  prior  cycling 
to  0.75  N/Nj,  and  (b)  prior  cycling  to  0.95  N/N^. 
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Figure  39.  Composite  diagram  for  A1  2024  specimens  given  prior 
cycling  to  75  and  95%  of  their  fatigue  life  at  +200  MPa,  followed  by  a 
surface  removal  and  recycJlng  procedure  (A)  and  (B) ,  and  either  contin¬ 
ued  cycling  or  depth  profile  analysis  (C) . 
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in  Parts  A  and  C  of  Figure  39  confirms  the  overall  substructural  recovery. 
An  equivalent  surface  removal  and  recycling  sequence  leads  to  less  dramatic 
reversal  of  previous  deformation  induced  by  precycling  to  95%.  To  measure 
the  effect  of  the  "treatment"  on  the  fatigue  life,  instead  of  interrupting 
the  recycling  procedure  to  obtain  a  second  depth  profile,  this  specimen 
was  simply  cycled  to  failure.  The  total  number  of  cycles  recorded  during 
recycling  before  failure  represents  about  80%  of  the  average  fatigue  life 
for  virgin  specimens.  The  net  gain  in  fatigue  resistance  achieved  as  a 
result  of  the  treatment  is  thus  on  the  order  of  75%,  the  sum  of  the  frac¬ 
tions  of  the  normal  life  run  prior  to  and  after  surface  removal,  less  100%. 
Subsequent  experiments  showed  Chat  surface  removal  promotes  near  total 
restoration  of  the  entire  life  for  specimens  precycled  75%  or  less. 

5.  Effect  of  Grain  Size  and  Radiation  Type  on  Progressive  Fatigue  Curves 

The  final  phase  of  the  commercial  alloy  fatigue  investigation  was 
designed  to  test  whether  the  knowledge  of  the  surface  and  bulk  substruc¬ 
tural  response  to  cycling  could  be  put  to  practical  use  in  terms  of 
fatigue  life  prediction.  This  included  comparison  of  the  x-ray  data  for 
A1  2024  specimens  having  different  grain  sizes  and  inherent  halfwidths, 
and  experimentation  with  x-ray  radiations  with  various  penetration  capa¬ 
bilities. 

a.  Comparative  X-ray  Data  for  Different  Grain  Sizes .  In  order  to  measure 
the  effect  of  grain  size  on  the  substructural  response  to  fatigue  cycling, 
x-ray  rocking  curve  analysis  was  applied  to  the  A1  2024,  batch  B  specimens 
for  comparison  with  the  data  for  the  larger  grained,  batch  A  specimens 
tested  previously.  The  proportional  limit  for  monotonic  testing  for  batch 
B,  given  in  Table  3,  was  higher  than  for  batch  A,  and  the  intrinsic  rocking 
curve  width  was  smaller,  following  a  typical  Petch-type  relation  between 
the  flow  stress  and  the  inverse  root  of  the  grain  size. 

The  rocking  curve  analysis  employing  copper  radiation  and  carried  out 
as  a  function  of  the  fraction  of  fatigue  life  during  cycling  at  +280  MPa, 
equivalent  to  the  proportional  limit  of  batch  B,  is  recorded  in  Table  6. 
Comparing  the  data  with  the  Incremental  fatigue  results  for  batch  A 
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TABLE  6  -  X-RAY  ROCKING  CURVE  HALFWIDTHS  RECORDED 

FOR  CYCLED  A1  2024,  BATCH  B,  EMPLOYING 

Cu,  Mo,  AND  Cr  INCIDENT  RADIATION; 

O  =  ±280  MPa 
a 


1  CuKa 

1  MoKa  1 

1  CrKa 

No. 

%  N/N^ 

Q  6 

^meas .  median 

3 

meas  • 

^median 

3 

3  3 

meas. 

^hkl 

0 

unde¬ 

formed 

<^> 

20.6 

min  21  min 

0 

22.2  min 

21  min 

0 

26.1 

min  0 

0 

1 

5% 

25.8 

28 

15.5 

23.2 

24 

6.7 

28.5 

11.4 

12.1 

2 

25 

34.4 

32 

27.5 

26.1 

28 

13.7 

32.7 

19.7 

13.8 

3 

50 

36.5 

36 

30.1 

31.6 

32 

22.4 

32.9 

20.0 

16.2 

4 

75 

37.9 

40 

31.8 

37.1 

36 

29.7 

33.6 

21.1 

18.6 

5 

95 

40.0 

40 

34.3 

41.3 

40 

34.8 

35.1 

23.5 

21.1 

6 

100 

47.7 

44 

36.3 

(see  Table  4) ,  the  halfwidths  throughout  the  life  are  found  to  be  on  the 
order  of  one-half  the  breadths  measured  for  the  larger  grain  size  stock. 
Since  the  intrinsic  curve  width  of  20.6  minutes  of  arc  for  batch  B  speci¬ 
mens  represents  about  half  that  for  batch  A  samples,  the  corrected  half¬ 
widths  ,  6 ,  show  a  similar  correspondence  for  the  two  batches .  Figure  40 
shows  the  juxtaposition  of  progressive  fatigue  curves  for  the  44-  and 
33-ym  grain  size  stocks.  The  defect  response  of  the  surface  grains,  mani¬ 
fested  by  a  three-stage  sequence  in  halfwidth  variation  with  cycling, 
is  very  similar  for  the  two  batches.  In  addition,  while  the  magnitudes  of 
the  corrected  rocking  curve  widths  differ,  the  slope  and  extent  of  the 
second  stage  are  identical  for  the  two  curves.  The  multistage  configura¬ 
tion  of  the  progressive  fatigue  curves  obtained  by  analysis  with  copper 
radiation  is  thus  found  to  be  consistent  for  both  cycling  at  widely  dif¬ 
ferent  stress  amplitudes  and  for  alloy  stock  with  different  grain  propor¬ 
tions  . 
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b.  X-ray  Analysis  Employing  Cr,  Cu,  and  Mo  Radiations.  The  substructural 
response  of  the  bulk  material  as  a  function  of  the  fatigue  life  was 
investigated  previously  by  incremental  removal  of  surface  layers  to  obtain 
representative  depth  profiles.  To  provide  a  more  complete  picture  of  the 
fatigue  response  as  a  function  of  distance  from  the  surface,  analysis  was 
performed  nondestructively  by  using  x-ray  radiations  with  different  wave¬ 
lengths.  Since  the  relative  penetration  capacity  is  related  to  the 
inverse  of  the  wavelengths  cubed,  choices  could  be  made  which  would  permit 
sampling  of  the  grains  from  the  distinctive  regions  of  the  cross  section 
elucidated  by  the  depth  profile  studies.  Copper  radiation,  used  in  all  the 
analyses  thus  far,  penetrates  only  the  first  or  second  grains  from  the 
immediate  surface.  Its  maximum  penetration  for  normal  incidence  with  the 
surface  is  about  80  Urn;  thus,  the  spot  reflections  having  perceptible 
intensity  are  derived  from  grains  located  less  than  half  this  distance 
from  the  surface.  Chromium  radiation  has  a  much  larger  wavelength  and 
penetrates  a  much  shallower  depth  of  only  12  ym,  assuring  that  only  grains 
located  at  the  immediate  surface  are  analyzed.  Molybdenum  radiation  was 
chosen  to  irradiate  grains  in  the  bulk,  producing  detectable  grain  reflec¬ 
tions  from  depths  of  350  ym  from  the  surface. 

The  rocking  curve  halfwidths  obtained  for  sample  fatigue  intervals 
employing  these  radiations  are  also  recorded  in  Table  6.  Figure  41  pre¬ 
sents  a  graphical  depiction  of  the  results  for  Cr,  Cu,  and  Mo  irradiation. 
Compared  to  that  for  copper,  chromium  and  molybdenum  radiation  produce 
radically  different  halfwidth  dependences  on  the  fraction  of  fatigue  life. 
Cr  radiation  produces  a  progressive  fatigue  curve  featuring  an  Initial 
increase  in  the  measured  halfwidth  value,  and  then  a  long,  tlat,  "satur¬ 
ated"  plateau  region  with  negligible  slope,  as  shown  in  Figure  Ala.  Given 
its  relatively  broader  intrinsic  halfwidth,  8^,  analysis  with  Cr  radiation 
generates  smaller  corrected  halfwidths,  3,  during  the  life  than  does  Cu 
radiation,  as  shown  in  Figure  Alb.  Analysis  with  Mo  radiation,  on  the 
other  hand,  generates  rocking  curve  breadths  as  a  function  of  the  life 
fraction  which  show  no  tendency  to  conform  to  a  multiple-stage  expansion 
sequence.  Instead,  a  nearly  linear  dependence  of  the  curve  breadths  is 
obtained  from  2,5  to  95%  of  the  fatigue  life.  The  terminal,  or  critical 
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Figure  41.  Comparison  of  progressive  fatigue  curves  for 
A1  2024,  batch  B,  using  x-ray  radiations  with  different  maxi¬ 
mum  penetration_depths :  (a)  measured  halfwidth,  3»  vs  N;  and 

(b)  halfwidth,  8  (corrected  for  the  halfwidth,  8  >  of  the  virgin 
specimen),  vs  N/N^.  ° 
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halfwidth  value,  3*,  Is  equivalent  to  that  measured  with  Cu  radiation. 
Significantly,  the  slope  for  the  molybdenum  curve  is  about  0.33, 
pared  to  0.10  for  stage  II  of  the  copper  curve. 


as  com- 


V.  DISCUSSION 


A.  SINGLE-CRYSTAL  STUDIES 

1.  Preferential  Surface  Layer  Work  Hardening 

The  x-ray  rocking  curve  studies  and  reflection  topography  investiga¬ 
tion  of  tensile  deformed  single  crystals  provided  convincing  microstruc- 
tural  evidence  in  support  of  the  preferential  surface  layer  hardening 
concept.  For  such  diverse  materials  as  silicon,  aluminum,  and  gold  sub¬ 
jected  to  uniaxial  monotonic  deformation,  the  rocking  curve  halfwidths 
measured  at  the  surface  were  substantially  higher  than  those  of  the  bulk 
regions,  signifying  a  decreasing  gradient  in  the  concentration  of  lattice 
imperfections  from  the  surface  to  the  interior.  Topographic  imaging  of 
the  induced  microstructure  revealed  that  the  surface  layer  suffers  a  pro¬ 
nounced  lattice  breakup  into  highly  strained  and  misoriented  subdomains 
as  compared  to  the  bulk  material. 

a.  Calculation  of  the  Excess  Dislocation  Density.  In  order  to  be  phy¬ 
sically  meaningful,  the  change  in  the  rocking  curve  breadths  must  be 
Interpreted  in  terms  of  microstructural  mechanisms  directly  related  to 
the  macroscopic  mechanical  properties  of  materials.  The  correlation  of 
the  dislocation  configuration  in  the  crystal  lattice  to  both  the  x-ray 
reflection  peak  broadening  and  the  actual  deformation  response  provides 
the  required  link  between  experimental  observation  and  behavior.  While 
calculation  of  the  dislocation  density  from  the  x-ray  diffraction  line 
breadth  is  a  routine  procedure,  the  assumptions  made  in  the  various  com¬ 
putational  formulations  differ.  In  addition,  though  dislocations  repre¬ 
sent  intrinsic  lattice  defects  responsible  for  the  substantial  reduction 
in  the  theoretical  strength  of  an  otherwise  perfect  crystal,  their  multi¬ 
plication  and  interaction  also  result  in  the  strengthening  phenomenon 
known  as  work  hardening.  A  measure  of  their  concentration  is  thus  impor¬ 
tant  to  evaluating  the  degree  of  work  hardening  incurred  during  deforma- 
tive  processes. 

A  comprehensive  investigation  of  strain  hardening  in  metals  requires 
elucidation  of  the  number,  distribution,  and  arrangement  of  dislocations. 


and  the  interaction  among  dislocations  and  with  other  substructural 
entities  such  as  stacking  faults,  vacancies,  interstitials,  impurity  atoms, 
and  precipitates  and  inclusions.  In  a  deformed  metal,  it  is  known  that 
excess  dislocations  of  one  sign  can  be  concentrated  in  a  large  variety  of 
distinct  boundaries  producing  subdomain  tilt  or  misorientation,  or  may  be 
homogeneously  distributed  over  local  regions  to  produce  a  finite  lattice 
curvature^^^ .  It  can  be  presumed  that  the  x-ray  peak  breadths  are  con¬ 
trolled  primarily  by  tilts  and/or  curvature  due  to  ill-defined  walls  and 
dislocation  pileups  and  the  dislocations  in  the  domains  between  them^^®’^^^ 
The  high  local  stresses  around  the  dislocation  groups,  vacancies,  and 
interstitial  atoms,  and  the  distortions  at  the  dislocation  cores  and  stack¬ 
ing  faults  between  partials  all  contribute  to  the  tails  of  the  diffraction 
peaks.  A  reduction  in  the  main  peak  broadening  would  be  expected  if  the 
long-range  stresses  due  to  pileups  and  internal  subdomain  strain  were 
reduced  by  segregation  into  sharper  boundaries,  concomitant  with  annihila¬ 
tion  of  excess  dislocations  of  opposite  sign.  Such  a  polygonizatlon  effect 
can  be  associated  with  the  reduction  in  yield  strength,  or  flow  stress:, 
typical  for  Instance  to  the  substructural  recovery,  reversion  of  cold  work, 
and  strain  energy  reduction  induced  by  annealing  at  elevated  termperature. 

Finally,  the  computation  of  the  excess  dislocation  density  from  the 
rocking  curve  halfwidth,  assuming  a  predominance  of  misorientation  tilt 
and  curvature  over  the  particle  size  effect  when  the  domains  are  large, 
depends  on  the  presumed  arrangement  of  the  individual  domains.  Cottrell^^® 
suggested  three  possibilities,  including  a  regular  alternation  in  misorien¬ 
tation,  successive  misorlentatlons  of  the  same  sense  producing  a  uniform 
curvature,  and  a  random  succession  of  positive  and  negative  tilt  orienta¬ 
tions.  The  multimodal  rocking  curves  from  uniaxlally  deformed  crystals 
are  best  approximated  by  the  first  or  latter  configurations.  The  average 
misorientation  will  be  near  zero,  but  the  local  misorlentatlons  give  rise 
to  rocking  curves  that  are  Independent  of  the  volume  Irradiated.  This 
type  of  defect  distribution  should  apply  equally  well  to  the  misorientation 
Induced  by  high  static  tensile  stressing  and  substructure  produced  by 
repeated  slip  reversals  during  push-pull  fatigue  cycling.  Breadth  differ¬ 
ences  are  thus  ascribed  to  the  number  of  dislocations  in  the  loosely 
defined  walls,  their  spacing,  and  their  concentration  within  the  subgrains. 


114 


According  to  Hirsch^^^,  the  subcrystals  may  then  be  assumed  to  be  mis- 
oriented  about  a  mean  position,  with  their  normals  distributed  according 
to  a  Gaussian  Law  (see  Figure  45).  The  tilt  angle,  a,  is  given  approxi¬ 
mately  by  B/3.  The  dislocations  are  randomly  distributed  so  that  there 
is  a  50%  change  for  two  dislocations  of  the  same  sign  being  adjacent  to 
one  another,  and  forming  a  small  wall  with  a  =  b/h,  where  b  is  the  magni¬ 
tude  of  the  Burgers  vector  and  h  is  the  wall  spacing.  The  dislocation 

2 

density,  p,  is  then  taken  as  1/h  ,  and  as  shown  also  by  Vassamlllet  and 
Smoluchowski^^^ . 


p  =  1/h^  =  B^/9b^. 

b.  Comparison  of  the  Work  Hardening  Response  for  Model  Materials.  Rigor¬ 
ous  quantitative  comparison  of  the  x-ray  results  among  the  three  single¬ 
crystal  species  is  limited  by  the  differences  in  test  conditions  such  as 
temperature  and  degree  of  deformation.  The  qualitative  aspect  of  the 
microstructural  response,  namely  the  dependence  of  the  rocking  curve 
breadths  with  depth,  represented  by  the  depth  profiles  in  Figure  13,  is 
easily  perceived  to  be  consistent  and  material  independent.  Figure  42a 
contrasts  the  "deformation  gradients"  with  depth  for  the  three  materials. 
Here,  the  gradients  are  expressed  in  terms  of  the  absolute  excess  disloca¬ 
tion  densities,  p,  calculated  using  the  Hirsch  relationship  discussed  in 
the  previous  section  and  the  halfwidths  corrected  for  the  intrinsic  imper¬ 
fection,  8 .  Figure  42b  presents  the  dependence  of  the  excess  dislocation 
densities  at  each  depth,  x,  to  that  of  the  constant  bulk  value  • 

It  can  be  seen  that  silicon,  which  begins  with  a  very  low  baseline  excess 

5  -2 

dislocation  density  of  4  x  10  cm  after  annealing  and  polishing, 

exhibits  a  high  surface  density  and  the  lowest  interior  density  after 

deformation.  This  results  in  a  steeper  gradient  than  observed  for  either 

aluminum  or  gold  which  starts  with  denser  dislocation  populations,  on  the 
8  —2 

order  of  10  cm  ,  in  the  virgin  state.  After  deformation,  the  interior 
dislocation  densities  for  aluminum  and  gold  are  essentially  the  same,  but 
the  alumlniim  which  was  subjected  to  greater  plastic  strain  shows  a  larger 
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Figure  42b.  Ratios  of  the  excess  dislocation  density  at  vari 
ous  depths,  x,  to  the  constant  bulk  density,  p . ,  for  tensile 
deformed  monocrystals 
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Figure  42c.  Comparison  of  linearized  excess  dislocation  gra¬ 
dients  from  the  surface  to  bulk  for  tensile  deformed  Si,  Al,  and  Au 
single  crystals 


surface  density  and  therefore  a  steeper  gradient.  The  magnitude  of  dislo¬ 
cation  density  reduction  from  the  surface  to  bulk  is  certainly  attributable 
in  part  to  crystal  structure  and  orientation.  The  steepness  of  the  silicon 
curve  is  likely  enhanced  by  deformation  at  elevated  temperature  and  the 
stability  of  the  Induced  defect  configuration  at  ambient  temperature, 
relative  to  the  fee  metals. 

In  comparing  the  results  obtained  for  silicon  and  aluminum,  it  is  use¬ 
ful  to  recall  the  inverse  relationship  between  the  ratio  of  their  inherent 
halfwidths  [SqAI^^oSi]  *  their  relative  surface  and  bulk  halfwldth 

expansions  due  to  deformation  [(  .,/3Js4]  =  1/15,  as  shown  by 

reference  to  Table  1.  This  indicates  that  there  is  an  insensitivity  of 
absolute  halfwldth  values  measured  after  any  given  plastic  strain  to  the 
intrinsic  or  baseline  halfwldths.  In  other  words,  a  high  degree  of  initial 
perfection  does  not  necessarily  imply  an  insufficiency  of  multiplication 
sites  to  produce  a  high  degree  of  work  hardening,  especially  if  the  activa¬ 
tion  of  multiplication  mechanisms  and  motion  of  dislocations  is  enhanced 
by  testing  at  an  elevated  temperature,  as  was  true  for  the  deformation  of 
silicon  above  the  ductile-brittle  transition. 

The  dislocation  gradients  from  the  surface  to  bulk  for  silicon  and 
aluminum  deformed  similarly  to  10%  plastic  strain  can  easily  be  linearized 
to  facilitate  comparison.  Russian  investigators^^^  found  that  the  distri¬ 
bution  of  dislocation  densities  determined  by  a  layer-by-layer  etching 
technique  applied  to  ground  alkali  halide  crystals  could  be  described  by 
an  equation  of  the  form: 


p(x)  *  +  (Pg  -  p^)e"^. 


(i) 


where  p^  is  the  constant  density  established  at  some  depth,  x^,  and  p^  is 
the  surface  density.  Dividing  each  side  of  the  equation  by  p^,  and  taking 
the  logarithms ,  gives : 


In  C  -  kx 


(iii) 


where  C  -  (p^/p^)  -  1.  Substitution  of  the  x-ray  rocking  curve  data  for 

silicon  and  aluminum  derives  curves  with  almost  identical  slopes,  as  shown 

in  Figure  42c.  A  similar  plotting  of  the  data  for  gold  monocrystals, 

deformed  3%  plastically,  also  results  in  the  same  slope,  which  averages 
2  -1 

about  2.8  X  10  cm  .  Thus,  the  k  value  is  apparently  material  Independent, 
while  the  value  of  the  intercept,  C,  for  each  material  is  determined  by  the 
crystal  structure,  amount  of  imposed  strain,  and  deformation  temperature. 

In  comparing  the  results  obtained  for  aluminum  and  gold,  both  fee 
metals  deformed  under  multiple  glide  conditions,  the  primary  variables 
differentiating  their  respective  profile  gradients  are  material  parameters 
such  as  comparative  work  hardening  rates  and  propensities  for  surface 
oxidation,  and  test  variables  such  as  deformation  extent  and  temperature. 
With  regard  to  the  role  of  oxide  film  formation  on  the  preferential  sur¬ 
face  work  hardening  phenomenon,  the  generation  of  a  decreasing  deformation 
gradient  from  the  surface  to  bulk  after  only  3%  plastic  straining  of  gold 
crystals  suggests  that  surface  hardening  is  not  appreciably  hindered  by  the 
absence  of  an  oxide  layer.  At  the  very  least  it  can  be  concluded  that  the 
presence  of  an  oxide  barrier  to  block  dislocation  egression  is  not  a  neces¬ 
sary  prerequisite  for  surface  hardening,  but  rather  that  pileup  mechanisms 
are  activated  by  slip  interactions  intrinsic  to  the  surface  layers  of  the 
crystal.  Because  of  the  large  number  of  sites  of  dislocation  sources  at 
or  near  the  surface,  and  because  of  the  immediate  interactions  of  the 
activated  dislocation  sources,  a  barrier  effect  is  created  to  the  egression 
of  the  dislocations  from  the  bulk.  The  role  of  the  surface  layers  in 

blocking  dislocation  egression,  independent  of  a  solid  surface  film,  is  in 

31  36 

accord  with  the  results  of  Kramer  ’ 

c.  Comparative  Surface  Layer  and  Bulk  Hardening  Rates.  The  magnitude  of 
the  decrease  in  halfwidths  from  the  surface  to  bulk  is  determined  by  the 
relative  work  hardening  rates  of  the  two  regions.  It  is  appropriate  at 
this  point  to  speculate  that  there  is  a  direct  correspondence  between  the 
microscopic  evidence  of  surface  layer  hardening  represented  by  the  x-ray 
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rocking  curve  halfwidths,  and  the  mechanical  evidence  revealed  by  "surface 

64 

layer  stress"  measurements  performed  by  Kramer  .  The  surface  layer 
stress.  It  Is  recalled.  Is  defined  as  the  quotient  of  the  difference 
between  the  maximum  load  attained  In  an  Initial  loading  and  unloading  pro¬ 
cedure,  and  the  new  flow  load  obtained  after  removal  of  the  specimen  sur¬ 
face  and  reloading,  over  the  original  cross-sectional  area  of  the  specimen, 
or  AL/A^.  This  value  Is  usually  adjusted  to  reflect  the  fractional  cross- 
sectional  area  constituting  the  work  hardened  region  at  the  surface. 
Kramer's  Investigation  showed  that  the  surface  layer  stress  for  high  purity 
aluminum  and  gold  and  A1  single  crystals  varies  with  true  plastic  strain 
according  to  the  relationship: 
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C  e 
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(1) 


where  Is  a  constant  and  n  Is  a  work  hardening  exponent  equal  to  that 

obtained  In  similar  equations  for  the  applied  stress.  In  addition,  the 

mechanisms  advanced  to  describe  strain  hardening  In  multiple  glide  systems 
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systems  generally  predict  a  proportionality  between  the  flow  stress  and 
the  root  of  the  dislocation  density  of  the  form: 
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where  Is  the  stress  required  for  dislocation  motion  In  the  absence  of 
Interfering  defects,  and  a  depends  on  the  hardening  model  type.  These 
models  ascribe  the  hindrance  to  dislocation  motion  to  the  cumulative 
stress,  or  "back  stress,"  due  to  plled-up  arrays  In  a  common  slip  plane, 
to  elastic  Interaction  with  forest  dislocations  In  an  Intersecting  slip 
plane,  or  to  drag  stresses  due  to  dislocation  jogs  or  resistive  line  ten¬ 
sion  between  pinning  points  of  dislocation  tangles.  Since  the  x-ray  rock¬ 
ing  curve  halfwldth,  geometrically  related  to  the  lattice  misalignment 

or  the  spread  of  subdomain  mlsorlentatlon.  Is  taken  to  be  proportional  to 

1/2 

p  ,  there  Is  an  Implied  correspondence  between  the  rates  of  change  of 
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a  ,  or  the  resolved  shear  stress  in  the  surface  layer,  j  ,  for  monocry- 
s  s 

stals,  and  the  surface  halfwidth  value,  as  a  function  of  strain  level. 

This  relationship  is  implicitly  supported  by  the  microbeam  experiments  on 

low  carbon  steel  by  Taira  and  Hayaski^^^,  and  by  TEM  studies  of  polycry- 
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stalline  iron  by  Keh  and  Weissmann  .  Within  the  plastic  strain  range 

investigated,  it  is  also  apparent  that  either  the  strain  hardening  of  the 

bulk  proceeds  at  a  lower  rate  than  at  the  surface  or  its  activation  is 

delayed  until  some  critical  strain  level  is  attained.  The  latter  behavior 

was  found  for  fee  monocrystals  oriented  for  single  glide  by  Kramer^^,  who 

concluded  that  the  work  hardening  during  stage  I  deformation  was  restricted 

to  the  surface  layer,  and  was  thus  effectively  zero.  Slip  on  secondary 

systems  could  not  start  until  the  applied  stress  exceeded  the  sum  of  the 

surface  stress  and  the  stress  required  to  activate  new  sources,  and  the 

mutual  interaction  between  the  surface  and  bulk  during  stage  II  eventually 

23 

produced  a  measurable  T ^  value.  Japanese  scientists  employed  TEM  analy¬ 
sis  of  A1  single  crystals  to  show  that  the  surface  dislocation  density 
Increases  preferentially  at  low  strain  levels,  but  saturates  after  several 
percentages  of  plastic  strain  and  is  eclipsed  by  that  of  the  bulk.  How¬ 
ever,  it  can  be  argued  that  the  surface  work  hardening  may  actually  pre¬ 
dominate  to  greater  strain  levels,  given  the  rather  unjustified  disparity 
in  correction  factors  applied  in  this  study  to  account  for  the  respective 
propensities  for  surface  and  bulk  relaxation. 

Regardless  of  whether  the  deformation  gradients  common  to  all  the 
depth  profiles  are  caused  by  lower  bulk  strain  hardening  rates  or  by  a 
delay  in  the  initiation  of  such  a  response  in  the  core  region,  the  mecha¬ 
nistic  explanation  of  the  phenomenon  can  be  reduced  simply  to  a  preferred 
activation  of  dislocation  sources  located  at  or  near  the  surface,  and  an 
initially  high  mobility  in  conjunction  with  the  high  surface  multiplication 
rates.  These  factors  contribute  to  intense  interaction  of  moving  disloca¬ 
tions  on  multiple  slip  systems,  entanglement,  and  work  hardening  in  the 
surface  layer.  This  layer  then  serves  as  a  trapping  or  blocking  agent, 
forming  a  barrier  to  dislocation  egression.  In  the  bulk,  however,  where 
the  generation  and  multiplication  of  dislocations  are  less  favored,  the 
deformation  Induced  Increase  in  excess  dislocation  density,  and  at  early 
stages  the  total  dislocation  density  as  well,  lags  far  behind  that  at  the 
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surface.  Other  investigators  came  to  similar  conclusions  using  etch-pit 
techniques  for  characterization  of  the  dislocation  structure  in  plastically 
deformed  single  crystals^^  . 

c .  Subdomain  Morphologies  in  the  Surface  Layer  and  Bulk  Material .  The 
topographic  examination  of  strained  single  crystals  provides  further  evi¬ 
dence  of  the  preferential  interaction  of  near-surface  defects  by  imaging 
the  resulting  "debris."  The  correlation  between  the  defect  configuration 
and  the  rocking  curve  profiles  can  be  modeled  as  shown  in  Figure  43. 

Figure  43a  presents  typical  rocking  curve  profiles  for  undeformed, 
annealed,  and  polished  silicon  and  aluminum  specimens  (i)  and  (il) ,  and 
for  plastically  strained  crystals  at  the  surface  (iii)  and  in  the  bulk 
(iv) .  While  the  profiles  for  the  virgin  state  of  the  two  crystal  species 
both  have  very  narrow  halfwidths,  3^,  silicon  typically  has  a  much  greater 
Intrinsic  perfection  compared  to  the  polygonized-type  lattice  of  annealed 
aluminum.  Figure  43b  shows  in  schematic  form  the  geometry  inherent  to 
reflection  topography  (1) ,  the  "mosaic-block"  structure  intercepted  by  and 
diffracting  the  crystal-monochromated  incident  beam  (ii) ,  and  the  distribu¬ 
tion  of  misoriented  reflecting  domains  induced  by  deformation  and  contribu¬ 
ting  to  the  broad  rocking  curves  at  the  surface  (iii)  and  narrower,  multi¬ 
modal  curves  in  the  bulk  (Iv) .  When  lattice  defects  are  introduced  by 
deformation,  the  dislocations  accumulated  locally  break  up  the  lattice  into 
coherently  reflecting  subdomains,  or  "particles."  The  total  strain  distri¬ 
bution  giving  rise  to  the  overall  halfwidth,  3^,  derives  principally  from 
these  regions  of  excess  dislocation  accumulation  at  the  particle  bound¬ 
aries,  which  determine  the  misorientatlon  angles  between  the  subdomains. 

In  the  drawing,  this  misorientatlon  is  expressed  by  the  angular  relation¬ 
ship  among  respective  normals,  n^^,  02*  n^,  .  .  .  ,  n^.  In  addition,  each 
lattice  domain  may  suffer  the  internal  generation  of  excess  dislocations 
as  a  result  of  nonuniform  or  "bending"  strain,  as  well  as  continuous 
lattice  spacing  changes  due  to  the  residual  strain  distribution,  which 
gives  rise  to  the  component  rocking  curves,  3^,  32,  32»  .  .  .  ,  3^,  of 
the  subdomains.  At  the  surface  of  strained  crystals,  many  subdomains 
reflect  simultaneously  by  virtue  of  their  small  size,  large  population, 
and  persistence  over  a  wide  angular  range.  Hence,  the  component  peaks 
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topography,  misoriented  subdomains  along  incident  beam  length,  and  statistical  dis¬ 
tribution  of  misalignment;  and  (c)  schematic  depiction  of  reflection  images  recorde( 
during  stepwise  specimen  rotation. 


overlap  sufficiently  to  produce  a  broad,  smooth,  overall  rocking  curve. 
X-ray  topography  affords  an  experimental  deconvolution  of  the  overall 
curve  so  that  the  Internal  strain  of  the  contributing  subdomains  can  be 
evaluated.  As  the  irradiated  portion  of  the  crystal  shown  in  Figure  43b 
(i)  is  rocked  through  its  ideal  reflection  condition  during  the  specimen 
rotation  sequence,  the  topographic  images  for  each  angular  position,  shown 
in  Figure  14  for  deformed  aluminum  crystals  and  represented  in  the  Figure 
43(c)  depictions,  provide  a  basis  for  discriminating  among  the  various 
lattice  domains.  In  this  manner,  the  reflection  durations  of  the  small 
subdomains  can  be  extracted  from  the  composite  curve  and  analyzed  separ¬ 
ately.  In  theory,  if  the  Internal  strain  of  the  individual  reflecting 
domains  is  expressed  by  its  standard  deviation,  and  the  standard 

deviation  of  the  misorientations  of  the  particles  is  denoted  by  then: 


e  =  (S 
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where  e  is  directly  related  to  the  corrected  overall  rocking  curve  half¬ 
width,  by  presuming  conformance  to  a  Gaussian  distribution  ^see  Appen¬ 
dix  C,  Sect  3].  The  differentiation  between  the  surface  layer  and  bulk 
substructures  1 induced  by  plastic  deformation  is  illustrated  by  Figure  43b 
(ili  and  iv) .  The  small,  highly  strained  domains  comprising  the  surface 
debris  exhibit  mutual  reflection  throughout  the  wide  reflection  range  of 
the  total  rocking  curve,  while  in  the  bulk  the  larger,  more  perfect,  sub¬ 
domains  reveal  less  misorlentation  as  displayed  by  the  reduced  peak-to- 
peak  distances.  The  narrow,  multipeaked  profile  is  not  unlike  that  of  the 
polygonized  virgin  aluminum  crystals,  and  its  di.ainished  overall  breadth 
from  the  surface  value  discloses  a  smaller  excess  dislocation  density  com¬ 
pared  to  the  work  hardened  surface  layer.  The  topographic  elucidation  of 
the  surface  and  bulk  substructure  can  be  effectively  exploited,  therefore, 
to  corroborate  the  quantitative  evidence  of  preferential  surface  layer 
strain  hardening. 


2.  Structural  Response  of  the  Surface  Layer  and  Bulk  to  Fatigue  Cycling 

As  suggested  previously,  a  simple  tension  test  can  be  visualized  as 
representing  the  first  half-cycle  of  a  tension-compression  fatigue  cycling 
sequence,  if  a  zero  mean  stress  is  employed  and  the  stress  amplitude 
applied  is  equal  to  the  maximum  stress  achieved  in  the  tension  test  prior 
to  unloading.  This  affords  an  evaluation  of  the  change  in  microstructural 
response  and  defect  distribution  occurring  as  a  result  of  a  transition 
from  monotonic  to  alternating  loading  conditions. 

a.  Comparison  of  the  Depth  Profiles  for  Simple  Tension  and  Push-Pull 
Fatigue.  It  has  been  shown  that  the  initial  tensile  loading  produces  a 
highly  deformed  surface  layer,  while  the  bulk  material  suffers  compara¬ 
tively  little  substructure!  damage.  Recalling  the  curve  plotted  in  Figure 
15,  it  may  be  observed  that  the  effect  of  cyclic  stress  reversals  is  simi¬ 
lar  in  many  respects.  The  rocking  curve  measurements  for  aluminum 
single  crystals  cycled  at  a  low  stress  amplitude  indicate  that  a  propensity 
for  preferential  surface  layer  work  hardening  is  retained.  Also,  analogous 
to  the  monotonic  behavior,  the  halfwidths  in  the  bulk  exhibit  values  com¬ 
mensurate  to  those  of  the  virgin  crystal.  The  depth  profile,  however, 
reveals  an  additional  salient  feature.  In  contrast  to  the  simple  gradient 
for  monotonic  deformation,  which  attains  a  constant  minimum  value  at  about 
200  pm  in  depth,  the  curves  for  fatigued  specimens  decrease  to  a  minimum 
halfwidth  value  at  a  lesser  depth  of  about  75  pm,  and  then  rise  again  to 
a  plateau  level  in  the  bulk  at  a  typical  200-pm  depth.  The  halfwldth 
values  in  the  subsurface,  profile  "well"  region  fall  considerably  below 
the  intrinsic  halfwidth  of  the  virgin  specimen. 

It  is  likely  that  the  unique  profile  conformation  for  fatigued  spe¬ 
cimens  is  Influenced  by  reversals  in  the  sense  of  the  dislocation  motion 
accompanying  the  alternating  loading  sequence.  The  redistribution  of 
deformation  Induced  defects  during  the  cycling  may  explain  the  work  hard¬ 
ening  response  which  prevails  in  the  surface  layer,  as  well  as  the  recov¬ 
ery  phenomenon  which  occurs  in  the  subsurface  region.  The  enhanced  gener¬ 
ation  and  Interaction  of  dislocations  in  the  surface  layer  early  in  the 
fatigue  life  would  lead  to  the  observed  halfwidth  expansion.  Net  motion 
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of  excess  dislocations  toward  the  surface  would  represent  an  additional 
contribution  to  the  surface  layer  dislocation  pileup  and  concomitant  work 
hardening.  At  the  same  time,  this  behavior  would  promote  recovery  in  the 
subsurface  region,  possibly  aided  by  annihilation  of  excess  dislocations 
by  recombination  with  newly  generated  defects  of  opposite  sign.  Evidently, 
there  is  little  or  no  activation  of  bulk  dislocations  and/or  sufficient 
cancellation  of  induced  excess  dislocations  of  opposite  signs,  so  as  to 
leave  the  interior  defect  concentration  unchanged  from  the  value  for  the 
undeformed  specimen. 

b.  Cyclically  Induced  Recovery  in  the  Subsurface  Region.  The  zone  of 
approximately  125-^gn  thickness  characterized  by  a  low  degree  of  lattice 
imperfection  is  also  distinctive  from  a  structural  viewpoint.  X-ray  topo¬ 
graphy  of  the  surface,  intermediate,  and  bulk  regions  provides  a  quali¬ 
tative  basis  for  differentiation  of  the  respective  substructures.  The 
immediate  surface  displays  highly  misoriented  and  fragmented  lattice 

domains  which  reflect  over  a  wide  range  of  angles.  Earlier  studies  by 

14 

Levine  and  Weissmann  disclosed  preferential  subgrain  formation  in  the 
interstriation  regions  at  the  immediate  surface  and  their  later  develop¬ 
ment  in  the  underlying  regions .  A  transition  to  a  corrugated  or  poly- 
gonlzed  structure  occurs  at  50  to  100  pm  in  depth.  This  latter  morphology 

suggests  a  more  uniform  and  lower  energy  configuration  of  positive  and 
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negative  dislocation  arrays  typical  of  a  "dipole"  or  "Taylor"  lattice 
The  excess  dislocation  density  is  low,  which  reduces  the  lattice  curvature 
inherent  to  even  the  virgin  crystal,  hence  deriving  smaller  measured  half¬ 
widths.  In  the  bulk,  the  more  diffuse  subdomain  images  give  witness  to  a 
reinstitution  of  the  degree  of  crystal  imperfection  intrinsic  to  the 
original,  annealed  specimen. 

In  a  single  crystal  there  are  no  effective  sinks  for  locally  distribu¬ 
ted  excess  dislocations  of  one  sign.  Whether  the  excess  dislocations  are 
located  inside  the  subdomains  or  in  the  boundaries  between  them,  they  will 
always  contribute  to  the  composite  rocking  curve  width.  Therefore,  in 
order  to  witness  a  reduction  in  the  halfwidths,  as  characterized  by  the 
subsurface  region  generated  by  low  amplitude  fatigue,  there  must  be  a 
redistribution  of  defects,  a  preferential  production  of  dislocations  of  the 


127 


opposite  sign,  or  both.  Comparison  of  the  areas  above  and  below  the  base¬ 
line  halfwidth  of  Figure  15  appears  to  support  a  redistribution  by  migra¬ 
tion  toward  the  surface;  the  area  of  reduced  halfwidth  values  between  25 
and  200  pm  in  depth  compares  favorably  with  the  surface  region  of  enhanced 
halfwidth  values.  The  redistribution  and  cancellation  of  defects  in  the 
subsurface,  aided  by  cyclically  induced  vacancy  production  promoting  dis¬ 
location  climb,  would  in  turn  facilitate  continued  egression  from  the  bulk 
by  providing  an  unobstructed  path  for  mobile  dislocations  from  the  crystal 
interior. 

For  this  model  of  in-depth  fatigue  behavior,  the  profile  "well"  region 
merely  forms  a  transition  between  the  free  surface  and  the  vast  continuum 
represented  by  the  bulk  of  the  specimen.  Regardless  of  its  specific  ori¬ 
gin,  then,  the  implication  of  the  low  halfwldth  region  is  that  the  struc¬ 
tural  response  to  fatigue  cycling  constitutes  a  dynamic  interplay  between 
the  surface  layer  and  bulk.  It  will  be  seen  later  that  the  structural 
response  of  A1  2024,  when  cycled  at  stress  amplitudes  which  ultimately 
produce  fatigue  failure,  involves  a  reciprocating  buildup  of  the  disloca¬ 
tion  densities  in  both  the  surface  layer  and  the  specimen  core. 

Two  additional  comments  might  also  be  appropriately  offered  at  this 
time.  First,  the  work  hardening  of  the  surface  layer,  even  at  stress 
amplitudes  below  the  endurance  limit,  indicates  why  previous  studies  iden¬ 
tified  the  Introduction  of  cold  work  during  cycling  in  both  the  "safe"  and 
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"unsafe"  ranges  of  stress  ,  since  these  x-ray  studies  were  undoubtedly 
confined  to  surface  analysis.  Second,  the  alternative  view  that  the  sur¬ 
face  to  well-bottom  gradient  is  produced  by  excess  dislocation  egression 
during  the  electropolishing  required  to  experimentally  measure  the  gradi¬ 
ent  does  not  invalidate  the  proposed  interpretation  of  the  profile  confor¬ 
mation.  As  a  consequence  of  the  rise  to  a  plateau  level  further  into 
depth,  the  polishing  process  Itself  cannot  be  held  solely  responsible  for 
the  observed  halfwldth  reduction  to  a  minimum  value  in  the  subsurface 
region.  A  substructural  differentiation  must  exist  among  the  profile- 
well  region  and  the  adjacent  surface  and  bulk  regions,  and  there  is  very 
little  likelihood  that  the  effect  is  purely  an  artifact. 


B.  A1  2024  ALLOY  STUDIES 

1.  Critical  Surface  Layer  Work  Hardening  as  a  Precursor  to  Cyclic  Failure 

A  tendency  for  the  surface  layer  to  harden  preferentially  has  been 
shown  to  occur  for  both  monotonic  and  fully  reversed  fatigue  stressing  of 
single  crystals.  Either  form  of  deformation  results  in  a  decreasing  rock¬ 
ing  curve  halfwidth  gradient  from  the  surface  into  the  interior.  Increas¬ 
ing  the  plastic  strain  for  simple  tension,  and  presumably  the  number  of 
cycles  for  fatigue  testing,  acts  to  increase  the  slope  of  the  measured 
gradient,  representing  the  decrease  in  excess  dislocation  density  with 
depth.  This  can  be  perceived  as  a  strengthening  of  the  surface  layer 
barrier  to  dislocation  egression  from  the  bulk.  The  present  discussion 
will  be  restricted  to  elucidation  of  the  fatigue  response  at  the  immediate 
surface  of  a  commercial  alloy. 

The  results  of  incremental  fatigue  cycling  experiments  on  A1  2024 

alloy  specimens  Indicate  that  work  hardening  of  the  surface  is  not  unique 

to  single  crystals.  The  halfwidths  measured  for  grains  located  at  the 

surface  of  the  alloy  specimens  are  also  enhanced  by  the  cyclic  stressing. 

In  good  agreement  with  the  results  of  Taira  and  Hayashl,  whose  studies 

147  148 

employed  an  x-ray  microbeam  technique  ’  ,  a  three-stage  sequence  in 

the  surface  hardening  response  is  obtained.  This  behavior  can  be  briefly 
summarized  as  a  rapid  increase  in  surface  grain  halfwidths  during  the  ini¬ 
tial  20%  of  the  fatigue  life,  a  more  gradual  width  expansion  during  the 
second  stage,  and  a  final  rapid  Increase  during  the  last  10%  of  the  life 
prior  to  fracture. 

a.  Effect  of  Applied  Stress  Amplitude  and  Grain  Size  on  the  Halfwidths. 

The  shape  of  the  progressive  fatigue  curves  obtained  for  different  stress 
levels  are  all  similar,  differing  only  in  terms  of  the  absolute  halfwldth 
at  which  the  transition  from  one  stage  to  the  next  is  initiated,  as  may 
be  concluded  by  reference  to  Figure  21.  As  shown  by  Figure  23,  the  magni¬ 
tude  of  the  surface  layer  halfwidths  at  any  fraction  of  the  fatigue  life 
is  nearly  the  same  for  the  three  stress  amplitudes  employed.  In  addition, 
the  surface  halfwldth  at  the  ultimate  failure  is  identical  for  stressing 
at  the  disparate  levels  and  is  therefore  denoted  as  a  critical  value,  3*. 

i 


129 


In  a  systematic  Investigation  of  the  "surface  layer  stress,"  defined 

previously,  as  a  function  of  the  fatigue  life  for  A1  2014-T6,  Kramer  also 

showed  that  a  propagating  fatigue  crack  was  formed  whenever  the  work  hard- 

114 

enlng  in  the  surface  reached  a  critical  value  .  This  parameter  was  also 
found  to  be  Independent  of  the  stress  amplitude  and  Insensitive  to  prior 
fatigue  history  and  testing  environment.  His  proposal^^^’^^^  that  the 
cyclically  generated  surface  layer  functions  in  the  same  way  as  for  single¬ 
crystal  deformation  by  opposing  the  egression  of  dislocations  from  the  bulk 
appears  applicable  to  the  x-ray  results  for  the  A1  2024  alloy  as  well. 
Kramer  reasoned  further  that  when  the  barrier  becomes  sufficiently  strong 
the  local  stress  fields  associated  with  the  accumulation  of  excess  dislo¬ 
cations  in  the  surface  layer  plleups  exceed  the  fracture  strength,  and 
cracks  are  initiated.  By  utilizing  the  relation  proposed  by  Friedel^^^  to 
calculate  the  cumulative  stress  of  a  network  of  pileup  groups  of  n  disloca¬ 
tions,  the  critical  halfwidth,  3*,  from  the  rocking  curve  analysis  and 

critical  surface  surface  stress,  a  *,  generated  during  the  cycling  would 

s 

enable  calculation  of  the  intensification  of  the  applied  stress  by  the 

pileup.  The  stress  across  the  pileup,  t  =  na  /2,  should  correspond  fav- 

P  3 

orably  to  the  fracture  strength  of  the  material. 

Presuming  a  similarity  of  the  critical  halfwidth  behavior  to  that  of 
the  critical  surface  layer  stress  (see  Figure  4b) ,  the  intermittent  and 
arbitrary  changes  in  the  stress  amplitude  during  the  cycling  process  would 
only  affect  the  rate  of  approach  toward  the  critical  surface  dislocation 
density,  p^*,  while  leaving  its  magnitude  unchanged.  That  is  to  say,  the 
rate  of  growth  of  the  halfwidths  under  variable  amplitude  conditions  may 
be  subject  to  anomalous  effects  of  large  decrements  in  the  stress  limits, 
and  thus  deviate  from  a  linear  cumulative  damage  law,  but  the  end  point, 
would  be  invariant.  This  would  imply  an  independence  of  cyclic  his¬ 
tory  as  well  as  of  the  particular  applied  stress  for  constant  amplitude 
cycling. 

The  progressive  fatigue  curves  in  Figure  40,  however,  show  that  a 
difference  in  alloy  grain  size  does  produce  a  change  in  the  3g  magnitude. 
Reference  to  Table  3  shows  that  A1  2024  specimens  with  grain  sizes  differ¬ 
ing  by  about  25%  also  have  significantly  different  tensile  and  fatigue 
properties.  As  indicated  by  its  50%  greater  intrinsic  halfwidth,  the 
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larger  grained  alloy  incorporates  a  higher  degree  of  imperfection  within 
each  grain.  As  a  result,  its  static  proportional  limit  is  correspondingly 

it 

lower,  following  a  typical  relationship  of  the  Hall-Petch  type.  The  pro¬ 
gressive  fatigue  curves  for  the  two  alloy  batches,  when  cycled  at  their 
respective  proportional  limits  to  insure  a  comparable  degree  of  net  dislo¬ 
cation  motion,  reveal  a  difference  in  the  magnitude  of  the  microstructural 
response  for  the  two  grain  sizes.  Nevertheless,  after  the  rapid  satura¬ 
tion  hardening  of  the  surface  layer  during  stage  I,  the  relative  halfwldth 
expansions  for  the  two  grain  sizes  vary  consistently  for  the  balance  of  the 

fatigue  life.  As  depicted  in  the  figure,  the  curves  can  be  related  by  a 

—  —  2 

simple  shift  factor  such  that  3^/3g  “  ’  where  d^  and  dg  are  the 

alloy  grain  diameters.  Given  the  limited  scope  of  these  experiments,  the 
formal  relationship  could  be  regarded  as  purely  fortuitous.  Yet,  the  sim¬ 
ilarity  in  microstructural  response  during  the  life  suggests  that  the 
amount  of  testing  to  characterize  the  fatigue  microstructure  for  different 
grain  sizes  may  be  conveniently  reduced  by  some  shift  factor  of  this  type. 

It  is  likely  that  other  material  variables  indicative  of  intrinsic 
hardness,  such  as  the  precipitate  morphology  produced  by  aging  treatment 
and  the  cold  work  Introduced  by  prior  deformation,  will  also  have  predic¬ 
table  effects  on  the  ultimate  substructure  and  associated  critical  half- 
widths  Induced  by  subsequent  fatigue.  The  microstructure  typical  of  the 
saturation  stress  for  annealed  and  cold  worked  fee  metals  has  been  found 

to  be  equivalent  for  fee  metals  of  both  planar  and  wavy  slip  mode  char*- 

8  95 

acter  .  The  TEM  investigation  by  Greenhut  disclosed  a  similarity  in 

the  final  cyclically  induced  cell  structure  of  A1  2024  specimens  given 

various  aging  treatments.  Though  the  study  represented  a  "bulk"  analysis, 

the  processes  described  may  be  considered  to  occur  in  the  surface  regions 

as  well,  albeit  with  a  greater  degree  of  fragmentation  and  cell 

*Based  on  the  premise  that  the  grain  boundaries  obstruct  dislocation 
slip,  since  the  resultant  plleups  in  the  coarser  grained  alloy  contain  a 
greater  number  of  dislocations,  a  higher  stress  multiplication  is  pro¬ 
duced  in  adjacent  grains.  Thus,  a  smaller  applied  stress  is  required  to 
cause  slip  to  pass  through  the  boundary  and  Induce  macroscopic  flow. 
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elongation,  and  at  an  earlier  fraction  of  the  life.  A  genuine  corres¬ 
pondence  of  a  critical  3*  value  to  incipient  fracture  for  the  general 
case  would  thus  appear  to  be  contingent  on  the  consistency  or  predicta¬ 
bility  of  its  magnitude  for  various  initial  conditions  of  an  alloy. 

b .  Correlation  of  the  Surface  Topography  to  the  Three-Stage  Fatigue  Life. 
At  this  juncture,  the  results  pertaining  to  the  x-ray  rocking  curve  analy¬ 
sis  and  surface  microscopy  will  be  collected  and  listed  to  better  facili¬ 
tate  their  integration  with  the  in-depth  results  discussed  in  the  following 
section.  It  is  emphasized  that  the  three-stage  sequence  comprising  the 
fatigue  life  presented  below  bears  no  particular  relation  to  the  three 
stages  typically  distinguished  for  the  crack  propagation  process.  Such 
confusion  can  be  avoided  if  it  is  remembered  that  the  division  of  the 
fatigue  response  for  this  investigation  is  predicated  purely  on  the  basis 
of  the  behavioral  pattern  of  rocking  curve  halfwidth  expansions  exhibited 
during  incremental  fatigue.  Thus,  the  behavior  as  a  function  of  the  pro¬ 
gressive  fatigue  cycling  can  be  summarized  by  the  following  observations; 

Stage  I  (N/N^  =  0-25%); 

The  hysteresis  loop  area  decreases  initially  as  mobile  dislocations 
are  generated  and  interact  in  the  surface  layer  and  shifts  in  the  negative 
displacement  direction.  The  rocking  curve  halfwidths  increase  rapidly 
during  this  initial  stage  to  a  saturation  level.  No  evidence  of  slip  is 
observed  by  surface  microscopy. 

Stage  II  (N/N^  «  25-95%); 

The  cyclic  stress-strain  response  Indicates  a  macroscopically  steady- 
stage  behavior  throughout  this  period.  The  rocking  curves  measured  for 
surface  grains  display  an  almost  Imperceptible  Increase.  Between  75  and 
95%  of  the  life,  morphological  indications  of  surface  damage  appear.  The 
slip  traces  revealed  by  surface  microscopy  at  about  75%  of  the  life 
gradually  become  more  densely  packed,  and  at  95%  are  collected  into  bands 
on  the  surface.  Slip  band  extrusion  and  incipient  cracks  are  also  evi¬ 
dent  at  this  late  stage  of  the  life  and  contribute  to  a  growing  surface 
relief. 


132 


Stage  III  (N/Nj  -  95-100%): 

The  hysteresis  loops  widen  just  prior  to  failure  as  the  propagation 
of  fatigue  cracks  leads  to  an  eventual  structural  Instability  *  An 
upturn  In  the  halfwldth  curves  occurs  as  the  Intense  dislocation  pileup 
at  the  surface  layer  induces  cumulative  stresses  which  exceed  the  barrier 
strength,  microcracks  are  Initiated,  and  the  specimen  begins  to  approach 
final  rupture. 

It  is  evident  from  this  analysis  of  the  surface  layer  response  that 
none  of  the  experimental  characterization  techniques  can  be  employed  dur¬ 
ing  the  transient  second  stage  to  predict  accurately  the  remaining  fatigue 
life.  The  stability  of  the  halfwidths  at  the  surface  between  25  and  95% 
of  the  life  inhibits  the  evaluation  of  the  total  life  expended,  or  total 
fatigue  ductility,  or  resistance,  "used  up"  after  any  amount  of  cycling 
Intermediate  to  these  percentages.  The  emergence  of  slip  bands  and 
related  surface  relief  are  incurred  too  late  in  the  life  to  be  of  any 
great  predictive  value.  It  will  be  shown  in  the  next  section  that  the 
in-depth  response  provides  new  Information  which  may  be  utilized  in 
fatigue  life  prediction. 

2.  Influence  of  the  Bulk  Response  on  the  Fatigue  Life  and  Failure 

It  has  been  shown  that  the  surface  halfwidths  followed  a  three-stage 
expansion  sequence  during  the  progressive  cycling  of  A1  2024,  terminating 
at  a  critical  halfwidth,  0*,  at  failure.  The  rapid  excess  dislocation 
generation  in  the  surface  layer  adequately  explained  the  rapid  halfwldth 
expansion  early  in  the  life.  A  question  remained,  however,  as  to  what 
triggered  the  development  of  FSB's  and  incipient  cracks  which  became 
observable  during  the  prolonged  second  stage  of  apparent  saturation  in 
the  surface  hardening  response.  The  depth  profiles  generated  for  alloy 
specimens  cycled  to  increasing  fractions  of  the  total  life  showed  that  the 
Intensification  of  the  slip  markings  at  the  surface  might  be  ascribed  to 
an  eventual  elevation  of  the  halfwidths  in  the  specimen  interior,  and 
hence  to  a  dynamic  interplay  between  the  defect  structures  induced  in  the 
surface  layer  and  bulk.  The  local  stress  concentration  due  to  cracking 
at  the  surface  ultimately  then  causes  the  final  Increase  of  the  surface 
halfwidths  prior  to  failure. 
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a.  Comparison  of  the  Damage  Accumulation  Rates  of  the  Surface  and  Bulk. 
Recalling  Figure  37,  It  Is  apparent  that  substructural  changes  In  the 
grains  In  the  specimen  Interior  become  measurable  after  only  a  few  percen¬ 
tages  of  the  fatigue  life.  After  25%  of  the  life,  a  profile  "well"  becomes 
distinguishable  In  the  subsurface  region,  much  like  that  observed  for  sin¬ 
gle  crystals.  As  the  cycling  continues,  the  well  becomes  more  pronounced 
as  the  surface  hardening  and  bulk  plateau  level  Increase  relative  to  the 
minimum  halfwldth  constituting  the  well  bottom.  As  disclosed  by  the  fig¬ 
ure,  the  surface  and  bulk  halfwidths  exhibit  significantly  different  rates 
of  change  during  the  various  stages  of  the  fatigue  life.  It  Is  evident 
that  the  relative  halfwldth  expansion  for  the  surface  layer  after  only 
0.15%  of  the  life  by  almost  30  minutes  of  arc  represents  nearly  half  of 
the  total  Increase  of  62  minutes  computed  for  the  corrected  halfwldth  over 
95%  of  the  life.  Additionally,  there  Is  little  change  In  3g  during  nearly 
the  last  quarter  of  the  fatigue  life  as  Indicated  by  the  near  coincidence 
of  the  data  for  the  curves  representing  75  and  95%  at  the  surface.  The 
relative  expansions  In  the  bulk,  on  the  other  hand,  exhibit  nearly  equal 
Increments  for  each  quarter  of  the  life,  as  Is  Immediately  evident  from 
the  regular  spaclngs  of  the  plateau  levels  In  Figure  37.  Inspection  of 
Table  7  provides  a  basis  for  evaluation  of  the  differential  surface  and 
bulk  halfwldth  expansion  rates.  The  incremental  change  in  the  surface 
halfwldth  during  the  Initial  0.15%  of  the  fatigue  life  is  45%  of  the 
total  change  measured  during  95%  of  the  life,  but  there  Is  only  a  7% 
change  in  this  value  during  the  period  from  75  to  95%  of  the  life.  In  the 
bulk,  the  corresponding  plateau  halfwldth  values  show  more  consistent 
Incremental  changes  for  each  of  the  fatigue  intervals;  for  each  quarter 
of  the  life  an  expansion  of  15  to  30%  of  the  total  Increase  over  95%  of 
the  life  is  obtained.  A  graphical  representation  of  the  behavior  is  pro¬ 
vided  by  Figure  44,  which  collects  the  Information  obtained  in  both  the 
Incremental  fatigue  studies  of  the  surface  layer  and  the  depth  profile 
studies.  The  halfwidths  at  the  surface  Increase  rapidly,  following  the 
broken  curve,  and  disclose  a  predominance  of  the  work  hardening  in  the 
surface  layer  up  to  about  25%  of  the  fatigue  life.  During  the  period 
from  25  to  95%  of  the  life  the  surface  halfwidths  expand  more  gradually, 
with  a  slope  of  about  0,23.  The  fatigue  response  during  this  Intermediate 
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TABLE  7  -  COMPARISON  OF  RELATIVE  HALFWIDTH  EXPANSIONS 
IN  THE  SURFACE  LAYER  AND  BULK  MATERIAL  DURING 
INCREMENTAL  FATIGUE  CYCLING  OF 
A1  2024  SPECIMENS 


Portion  of  Fatigue 
Life  During  Which 
Halfwidth  Expansion 
Increments  Occurred 
(%) 

0-0.15 

0.15-25 

25-75 

75-95 


Incremental  Change  in 
_  Surface  Halfwidth, 
3g,  Relative  to  Total 
Expansion  During  the 
Fatigue  Life 
(%) 

45 

21 

27 

7 

100 


Incremental  Change  in 
_  Bulk  Halfwidth, 

3j.,  Relative  to  Total 
Expansion  During  the 
Fatigue  Life 
(%) 

18 

29 

40 

13 

100 


stage  in  the  life  is  apparently  Influenced  more  strongly  by  the  enhance¬ 
ment  of  the  bulk  halfwidths,  as  indicated  by  the  steeper  gradient  exhibi¬ 
ted  by  the  solid  line,  with  a  slope  of  about  0.40.  It  will  be  seen  that 
this  more  pronounced  gradient  obtained  for  the  bulk  halfwidth  expansion  as 
a  function  of  fatigue  life  is  extremely  useful  in  the  prediction  of  ulti¬ 
mate  failure. 


b.  Dyanmic  Interplay  of  Lattice  Defects  Generated  in  the  Surface  and  Bulk. 
The  similarity  between  the  depth  profiles  of  fatigued  single  crystals  and 
cycled  alloy  specimens  has  been  amply  demonstrated.  The  mechanistic  argu¬ 
ments  proposed  to  explain  their  distinctive  shape  must  also  be  similar. 

As  in  the  case  of  single-crystal  fatigue,  the  preferential  buildup  of  a 
work  hardened  surface  layer  during  the  initial  fatigue  cycles  is  dictated 
by  the  favorable  conditions  for  dislocation  multiplication  and  subsequent 
interaction  Inherent  to  the  grains  constituting  the  free  surface  of  poly- 
crystalline  specimens.  The  long-range  stresses  produced  by  the  cumulative 
effect  of  dislocation  plleups  in  these  surface  grains  eventually  Influence 
the  microplastic  response  of  the  bulk  material.  Thus,  the  disparity 
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ROCKING  CURVE  HALFWlDTH,0(mlmitesof  ore) 


Figure  44.  Comparative  changes  in  surface  (broken  line)  and  bulk 
(solid  line)  halfwidths  as  a  function  of  fatigue  life.  Note:  Data  are 
extracted  from  incremental  fatigue  and  depth  profile  studies  of 
A1  2024,  batch  A  (Figures  23  and  37). 
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between  the  excess  dislocation  density  of  the  surface  compared  to  the  bulk, 
is  gradually  reduced  when  bulk  plasticity  is  activated  by  stress  intensifi 
cation  in  the  specimen  interior.  The  stage  is  therefore  set  for  the  dyna¬ 
mic  interplay  between  the  surface  and  bulk  on  continued  cycling.  Failure 
can  be  linked  to  the  point  at  which  the  defect  densities  of  the  bulk 
grains  approach  those  for  the  surface  grains .  Viewed  as  a  kind  of  chain 
reaction  extending  from  the  surface  into  the  bulk,  the  stress  concentra¬ 
tions  imposed  by  localized  defect  accumulation  ultimately  exceed  the  sur¬ 
face  barrier  strength,  causing  microcracking  at  the  surface.  The  argument 
is  supported  by  the  existence  of  a  softer  transition  region  similar  to 
that  found  for  single  crystals,  centered  at  about  75  ym  in  depth  and 
separating  the  adjacent  surface  and  bulk  regions  having  considerably  highe 
strain  energy.  The  propagation  of  a  crack  from  the  surface  into  this 
region  would  quickly  dispel  its  elastic  energy,  and  additional  cycling 
would  be  required  to  regenerate  the  stress  condition  for  continued 
growth 

The  grains  located  in  this  transition  region,  roughly  three  grain 
diameters  in  depth,  reveal  a  substantial  reduction  in  substructural  frag¬ 
mentation,  in  subdomain  misorientation,  and  in  nonuniform  strain.  The 
retention  of  this  profile  feature  throughout  the  fatigue  life  must  be 
interpreted  in  terms  of  the  dynamic  interaction  of  the  rapidly  hardened 
surface  layer  and  the  delayed  plastic  response  of  the  bulk,  combined  with 
dislocation  migration  and  redistribution  effects  facilitated  by  cyclic 
stress  reversal.  For  polycrystalline  metals,  there  need  not  be  a  long- 
range  egression  of  dislocations  from  the  region  either  toward  the  sur¬ 
face  or  into  the  bulk,  since  the  grain  boundaries  represent  an  effective 
sink  for  excess  dislocations  and  thus  provide  an  ideal  outlet  for  the 
halfwldth  reduction  in  the  individual  grains.  The  rapid  surface  layer 
hardening  and  associated  dislocation  entanglement  prevent  such  a 
response  in  surface  grains,  and  long-range  stresses  emanate  into  and 
influence  the  eventual  dislocation  generation  in  Interior  grains.  The 
complex  stress  distribution  set  up  by  push-pull  cycling  thus  induces  a 
narrow,  transitional  subsurface  region  with  characteristically  low  strain 
energy,  whether  due  to  a  local  propensity  for  recovery  and/or  an 
unfavorable  condition  for  defect  generation.  Again,  the  conclusion  that 
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the  halfwidth  minimum  is  not  due  to  the  surface  removal  is  evident  from 
the  observations  that  a  plateau  level  above  the  minimum  value  is  always 
measured  after  surface  removal  to  greater  depths.  Thus,  a  distinction 
in  substructural  characteristics  among  the  surface  layei ,  transitional 
or  subsurface  region,  and  the  bulk  or  core  material  must  invariably  exist. 

There  is  good  consistency  among  all  the  depth  profiles  with  respect 
to  the  thickness  of  the  hardened  surface  layer.  For  both  single-crystal 
and  polycrystalline  materials,  subjected  to  monotonic  or  fatigue  deforma¬ 
tion,  the  rocking  curve  width  gradient  extends  universally  to  a  depth  of 

24  31 

100  to  150  pm.  This  typcial  depth  was  also  reported  by  Kramer  ’  in  his 
extensive  investigations  of  the  surface  stresses  generated  by  tensile  and 
fatigue  deformation.  Taira  and  Hayashi^^^  found  the  surface  layer  depth 
corresponded  to  at  least  one  grain  diameter  and  was  independent  of  applied 
stress  and  stress  concentration  factor  (for  notched  specimens) .  The  com¬ 
bined  studies  involved  specimen  configurations  ranging  from  flat  plate-like 
shapes  to  cylindrical  gage  sections  and  cross-sectional  area  variations  of 
almost  thirty  times.  While  experimental  evaluation  of  the  size  effect  on 
the  surface  barrier  thickness  and  strength  still  needs  attention,  there 
appears  to  be  little  sensitivity  in  this  regard.  Viewed  essentially  as  a 
"skin"  or  "layer"  effect,  the  hardened  free  surface  of  the  specimen  can  be 
thought  of  as  a  discontinuity  at  the  extremity  of  the  cross  section, 
enclosing  a  core  region  of  variable  size  but  always  featuring  halfwidths 
consistent  with  the  plateau  value. 

3.  Instability  of  the  Induced  Defect  Structure  of  the  Bulk 

Prima  facie,  the  observation  that  the  halfwidths  increase  in  the  bulk 
after  cycling  suggests  that  fatigue  "damage"  has  occurred  in  the  specimen 
interior.  It  might  also  be  suspected  that,  after  the  removal  of  the  sur¬ 
face  layer,  the  excess  dislocation  density  as  indicated  by  3  would 
increase  with  additional  cycling. 

In  contrast  to  such  expectations,  however,  it  is  well  known^’^^  that 
the  fatigue  life  of  specimens  can  be  prolonged  indefinitely  if  appropriate 
amounts  of  metal  are  removed  from  the  surface  at  various  fatigue  intervals. 
Improvement  of  fatigue  failure  resistance  in  single  crystals  has  also  been 
accomplished  by  continuous  dissolution  via  an  applied  anodic  current 
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during  deformation  ’  .  Further,  it  has  been  shown  that  after,  pro¬ 

longed  fatiguing  and  surface  removal  treatment,  the  fatigue  life  of  the 

.  ^  1  u  ^  4  .  .  104,105 

remaining  metal  was  the  same  as  for  virgin  specimens 

The  x-ray  diffraction  results  obtained  for  surface  removal  and 
recycling  of  previously  fatigued  specimens  show  that  a  reduction,  rather 
than  an  increase,  in  the  halfwidths  is  prompted  by  the  treatment,  as  seen 
by  reference  to  Figure  38.  It  may  therefore  be  proposed  that  the  excess 
dislocation  arrangement  in  the  interior,  formed  principally  during  the 
second  stage  of  the  original  cycling,  is  very  unstable  without  the  pres¬ 
ence  of  the  hardened  surface  layer.  Recalling  the  composite  diagram  con¬ 
structed  for  the  surface  removal  experiments.  Figure  39,  it  is  evident 
that,  for  a  specimen  recycled  to  75%,  surface  layer  elimination  and 
recycling  to  1.5%  causes  excess  dislocation  density  reductions  throughout 
the  specimen  cross  section.  The  incomplete  work  hardening  in  the  bulk 
allows  a  rapid  recovery  to  defect  concentrations  characteristic  of  much 
earlier  stages  in  fatigue  life.  The  second  depth  profile  (Figure  39c) 
obtained  after  treatment  demonstrates  the  gradient  conformation  and  excess 
dislocation  density  magnitudes  typical  of  virgin  specimens  cycled  to  only 
5%  of  the  fatigue  life.  Experiments  in  which  specimens  previously  cycled 
to  75%  were  recycled  to  failure  after  surface  removal  showed  near  complete 
restoration  of  the  original  fatigue  resistance.  A  considerably  prolonged 
lifetime  can  be  achieved  even  for  specimens  subjected  to  prior  fatigue 
totaling  95%  by  removing  the  hardened  surface  layer  before  continued 
cycling.  The  results  indicate,  however,  that  prior  fatigue  well  into  the 
stage  II  and  final  third  stage  produces  diminishing  returns  with  respect 
to  fatigue  life  extension  by  surface  treatment.  At  these  advanced  frac¬ 
tions  of  life,  dislocation  entanglement  in  the  bulk  finally  begins  to 
prevent  the  dislocation  mobility  required  for  rearrangement  and  recovery 
during  recycling  in  the  absence  of  the  surface  layer.*  After  a  short 

*As  in  annealing,  the  reduction  in  strain  energy  represented  by  the 
high  dislocation  density  is  the  driving  force  for  recovery,  facilitated  by 
the  cyclic  production  of  vacancies  to  enhance  dislocation  climb.  However, 
as  the  degree  of  entanglement  in  the  bulk. Increases  as  a  result  of  prior 
cycling  for  longer  and  longer  durations,  after  surface  removal,  the  cyclic 
stress  reversals  of  subsequent  cycling  become  less  capable  of  releasing 
the  energy  stored  in  the  more  stable,  tightly  knitted  configurations, 
hence  less  recovery. 
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period  of  excess  dislocation  density  decline,  the  magnitude  of  which 
depends  on  the  degree  of  stability  in  the  bulk  attained  during  prior 
fatigue,  all  specimens  suffer  a  regeneration  of  the  surface  barrier 
with  continued  cycling. 

Based  on  this  study,  the  improvements  in  fatigue  failure  resistance 
by  intermittent  surface  removal  are  ascribed  to  the  removal  of  the  block¬ 
ing  defect  structure  produced  in  the  surface  layer.  The  life  extension 
is  not  primarily  ascribed,  therefore,  to  the  removal  of  PSB's  or  micro¬ 
cracks  as  proposed  by  Thompson^ ,  or  to  the  blunting  of  these  features 
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as  suggested  by  Hahn  and  Duquette  *  .  Rather,  it  is  presumed  that,  by 

eliminating  the  barrier  either  by  actually  polishing  it  away  or  by  reduc¬ 
ing  its  strength  via  a  short-stress-relieving  anneal,  the  interplay 

between  the  surface  and  bulk,  by  which  real  "damage"  is  generated,  is 

4 

effectively  postponed.  Alden  and  Backofen  proposed  that  these  treatments 
prior  to  saturation  hardening  of  single  crystals  retard  the  formation  of 
widely  spaced  bands  and  prolong  the  period  of  random  step  emergence  at  the 
surface.  They  concluded,  therefore,  that  the  onset  of  "nonhardening" 
strain  is  delayed,  and  rather  than  representing  a  recovery  or  dissipation 
of  damage,  the  treatment  simply  promotes  homogeneous  slip  throughout  the 
specimen  and  less  slip  concentration  at  the  surface.  The  theory  is  simi¬ 
lar  to  the  microcrack  elimination  hypothesis  in  that  it  evokes  a  reduction 
in  surface  topographic  relief  to  explain  the  life  extension.  The  deptii 
profiles  after  surface  removal  and  recycling  indicate  to  the  contrary  that 
a  recovery  mechanism  is  operative,  and  that  it  is  activated  in  the  bulk  by 
the  fatigue  process  itself  when  the  restraint  by  the  surface  layer  is 
eliminated.  Thus,  the  apparent  contradiction  between  the  evidence  of  bulk 
damage  provided  by  the  depth  profile  plateaus,  and  the  complete  restora¬ 
tion  of  the  fatigue  life  once  the  surface  is  removed,  is  resolved  by  the 
observed  instability  or  reversibility  of  this  damage  engendered  by  the 
treatment. 

The  surface  barrier  model  might  also  seem  to  be  at  variance  to  the 

improvement  in  fatigue  performance  achieved  by  prior  surface  treatments 

such  as  shot  peening^*^^  or  surface  rolling^*^^’^®®.  Life  extension  by 

these  deformative  procedures,  however,  can  be  speculated  to  derive  from 

103 

the  material  "training"  phenomenon  proposed  by  Vitovec  ,  whose 
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characterization  of  the  in-depth  defect  distribution  by  differential  etch¬ 
ing  rates  bears  an  uncanny  resemblance  to  the  depth  profiles  generated  by 
x-ray  rocking  curve  analysis.  His  experiments  showed  that  a  limited  degree 
of  high-amplitude  bending  fatigue  created  a  favorable  predisposition  of 
the  material  to  resist  the  damage  due  to  subsequent  low-amplitude  cycling. 
Much  later,  Kramer^^^  reported  an  anomalous  life  extension  for  commercial 
alloys  given  an  initial  uniaxial  straining  or  a  limited  number  of  high- 
amplitude  reversed-stress  cycles  prior  to  lower  amplitude  fatigue  (Figure 
4b) .  The  speculative  proposal  regarding  such  behavior  is  developed  as 
follows . 

The  common  element  in  all  these  treatments  is  the  prefer¬ 
ential  production  of  high  compressive  residual  stresses  in  the 

XI.6 

surface  layers.  Taira  measured  the  compressive  stresses 
due  to  bending  fatigue  by  x-ray  methods  and  found  them  to  be 
concentrated  at  the  surface  (Figure  6)  and  to  increase  in  mag¬ 
nitude  with  the  cyclic  stress  level.  The  prior  imposition  of 
significant  residual  stress  Impedes  the  subsequent  motion  of 
dislocations,  thereby  "reinforcing"  the  strength  or  resis¬ 
tance  to  plastic  flow  of  grains  oriented  so  as  to  be  subject 
to  the  highest  resolved  shear  stresses  or  located  in  the  prox¬ 
imity  of  surface  stress  raisers.  Taira  also  showed  that  the 
gradual  decay  of  the  residual  stress  after  its  early-life  in¬ 
troduction  can  be  associated  with  failure.  The  observation 
that  0  at  crack  initiation  (Figure  5)  implies  that  an 

initial  provision  of  high  residual  stresses  can  delay  this 
eventuality.  On  subsequent  fatigue,  the  response  will  be 
more  nearly  elastic,  and  the  generation  and  egression  of  dis¬ 
locations  from  the  bulk  to  form  critical  pileups  at  the  sur¬ 
face  will  be  suppressed.  The  slower  development  of  surface 
debris  effectively  delays  the  mlcrostructural  response  in  the 
bulk,  and  thus  the  dynamic  interplay  leading  to  critical  dis¬ 
location  accumulation  is  further  postponed. 

In  an  annealed  material,  on  the  other  hand,  there  is  no 
doubt  that  the  plastic  resistance  at  the  surface  prior  to 
cycling  is  initially  lower  than  that  in  the  specimen  core. 
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On  application  of  the  load,  say  in  the  first  half-cycle,  the 
existence  of  intrinsic  surface  Imperfections  cause  the  state 
of  stress  to  be  the  highest  there  which,  combined  with  image 
force  effects,  represent  an  extremely  favorable  condition  for 
both  dislocation  generation  and  motion.  The  subsequent 
entanglement  causing  the  surface  work  hardening  can  also  be 
perceived  for  the  first  half-cycle,  and  the  barrier  formation 
accelerates  rapidly  during  the  initial  cycles.  The  process 
therefore  elicits  an  earlier  bulk  response  than  occurs  for 
metals  given  a  prior  surface  treatment,  and  the  critical 
fatigue  damage  accruement  to  initiate  microcracks  proceeds 
unchecked.  It  is  to  be  emphasized  that  it  is  the  introduction 
of  compressive  residual  stresses,  particularly  in  the  surface 
layer,  which  prevents  or  at  least  delays  this  response.  Thus, 
the  behavior  is  distinguished  from  the  general  "bulk"  soften¬ 
ing  response  produced  by  cycling  in  uniformly  cold  worked 
specimens,  which  does  not  necessarily  improve  fatigue  resis¬ 
tance  or  extend  the  life. 

This  hypothesis  is  also  in  accord  with  the  dramatic 

improvement  in  the  fatigue  life  afforded  by  a  combination  of 

40 

prestrainlng  and  surface  removal  prior  to  fatigue  .  The 
two-step  treatment  produces  a  cooperative  effect  of  removing 
the  surface  barrier  induced  by  the  prior  strain,  while  pre¬ 
serving  the  beneficial  reinforcement  aspect  of  deeper  reaching 
residual  stresses,  and  even  facilitates  some  bulk  recovery  in 
the  absence  of  the  surface  layer.  Barrett's  conclusion  that 
the  cold  work  introduced  by  cycling,  and  elucidated  by  surface 

x-ray  analysis,  may  actually  be  beneficial  rather  than  detri- 
139 

mental  takes  on  new  meaning  in  light  of  the  results  from  the 
in-depth  x-ray  study. 

The  concept  might  be  extended  to  include  other  surface 
hardening  procedures  such  as  surface  alloying,  or  solute  hard¬ 
ening,  and  dispersion  hardening  as  in  the  nitriding  of  steels. 

102 

Even  the  residual  compression  induced  by  machining  during 
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metal  component  fabrication  and  surface  preparation  can  be 
beneficial,  provided  the  final  topographic  relief  is  limited. 

It  may  be  concluded  that  surface  layer  removal  treatment  can  be 
employed  in  practice  in  the  form  of  occasional  surface  polishing  of  metal 
components  already  in  service,  or  used  in  conjunction  with  prestressing  to 
improve  the  performance  potential  prior  to  actual  use.  The  dramatic 
fatigue  life  extension  such  treatment  engenders  is  not  ascribed  to  the 
removal  of  microcracks,  but  rather  to  a  combination  of  the  strain  relief 
due  to  substructural  recovery  in  the  absence  of  the  surface  barrier  and 
the  reinforcement  of  the  resistance  to  microplasticity  afforded  by  the 
compressive  residual  stresses. 

4.  Prediction  of  Fatigue  Failure  by  X-ray  Diffraction  Analysis 

For  many  years,  x-ray  diffraction  patterns  obtained  from  cyclically 

stressed  alloys  have  failed  to  provide  clear-cut  indications  of  the 

Impending  onset  of  fatigue  failure,  nor  could  they  be  used  to  predict, 

141-145 

even  approximately,  the  span  of  the  fatigue  life  .  Line  broadening 

could  be  observed  after  cycling  to  a  small  fraction  of  the  total  fatigue 
life,  but  remained  virtually  unaltered  both  in  extent  and  intensity 
throughout  the  remainder  of  the 

The  preliminary  DCD  investigation  using  copper  radiation  gave  essen¬ 
tially  the  same  result.  Typical  three-stage  curves,  relating  the  degree 
of  an  average  grain’s  halfwldth  expansion  to  the  extent  of  fatigue 
cycling,  were  generated  in  all  these  experiments.  VThen  plotted  as  a 
function  of  the  fraction  of  fatigue  life,  the  results  for  different  stress 
amplitudes  reduced  to  a  single  curve.  In  addition,  the  data  obtained  for 
different  grain  sizes  of  the  A1  2024  stock  produced  curves  related  by  a 
simple  Fetch-type  shift  factor.  As  in  previous  attempts,  however,  the 
prediction  of  fatigue  life  at  any  point  along  the  expansive  second  stage 
of  the  calibration  curve  was  inhibited  by  the  shallow  slope  characteris¬ 
tically  obtained  when  copper  radiation  was  used  to  analyze  the  specimen 
surface. 
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a .  Prediction  of  Remaining  Life  on  the  Basts  of  tlie  In-Depth  Reiiponne . 
Closer  inspection  of  the  study  dealing  with  x-ray  analysis  of  the  in-depth 
micros tructural  response  revealed  the  emergence  of  a  unique  experiiaental 
capability  to  predict  the  amount  of  the  fatigue  life  expended,  fcbcamina- 
tion  of  Figure  44,  constructed  by  plotting  the  data  from  the  Al  2024 
depth  profiles  as  a  function  of  fatigue  life,  indicates  that  the  solid 
line  representing  the  expansion  in  the  specimen  core  gives  a  steep,  nearly 
linear  enhancement.  This  leads  to  the  conclusion  that  a  sampling  of  the 
substructural  response  from  a  depth  different  than  that  measured  by  copper 
radiation  might  produce  a  more  reliable  calibration  curve.  The  use  of 
chromium  radiation,  which  penetrates  no  more  than  one  grain  in  depth, 
obviously  does  not  solve  the  predicament.  Recalling  the  progressive 
fatigue  curves  shown  in  Figure  41,  the  slope  of  the  second  stage  of  the 
life  is  even  less  pronounced  when  the  maximum  penetration  depth  is  only  a 
few  microns.  In  contrast,  application  of  the  penetrating  molybdenum 
radiation,  which  also  irradiates  grains  located  deeper  into  the  bulk  of 
the  specimen,  gives  rise  to  a  straight  line  that  has  a  sharp  incline  up 
to  the  critical  value,  B*.  The  slope  is  sufficiently  steep  that  with  an 
accurate  calibration  curve  the  3  value  can  be  used  to  assign  the  proper 
fraction  of  life  remaining  to  a  specimen  cycled  an  unknown  extent. 

The  steep,  almost  single-stage  curve  results  from  the  added  contribu¬ 
tion  of  the  defect  structure  at  greater  depths  to  the  x-ray  analysis. 

This  is  revealed  by  Figure  45.  Figure  45a  shows  the  excess  dislocation 
densities  computed  from  the  x-ray  data  obtained  using  copper  and 
molybdenum  radiation,  plotted  as  a  function  of  the  fraction  of  fatigue 
life.  These  curves  will  be  analyzed  in  conjunction  with  those  drawn  in 
Figure  45b.  Each  of  the  broken  curves  in  Figure  45b  represents  the  change 
during  the  life  in  the  average  3  value  taken  over  a  particular  depth  from 
the  surface  in  Figure  37.  The  curves  were  obtained  by  Integrating  the 
depth  profiles  to  various  depth  limits  and  dividing  the  resultant  areas 
by  the  depth  distance  to  derive  the  average  halfwidth  for  each  layer 
thickness.  These  average  halfwidths  were  then  used  to  compute  correspond¬ 
ing  excess  dislocation  densities  for  comparison  with  the  data  in  Figure 
45a.  It  may  be  seen  that  the  average  p  values  for  depths  of  250,  350,  and 
1500  pm,  corresponding  to  the  beginning  of  the  plateau  region  of  the  depth 
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Figure  45a.  Comparison  of  excess  dislocation  densities  measured  dur¬ 
ing  the  fatigue  life  by  analysis  with  copper  and  molybdenum  radiations 
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Figure  45b.  Comparison  of  the  change  in  average  dislocation  den¬ 
sities  during  the  fatigue  life  determined  by  integration  of  the  depth 
profiles  in  Figure  37.  Note:  Layer  depths  correspond  to:  (a)  the 
maximum  penetration  of  CuKa  radiation,  (2)  the  bottom  of  the  profile 
well,  (3)  the  beginning  of  the  halfwldth  plateau  region,  (4)  the  maxi¬ 
mum  penetration  of  MoKa  radiation,  and  (5)  one-half  of  the  specimen 
diameter,  or  the  specimen  center. 
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profiles,  the  maximum  penetration  of  Mo  radiation,  and  the  center  of 
specimen,  respectively,  nearly  coincide  with  the  experimental  curve 
obtained  employing  Mo  radiation.  The  average  p  values  computed  from  the 
depth  profiles  for  lesser  depths  of  35  or  100  ym,  which  represent  the 
maximum  penetration  of  Cu  radiation  and  the  bottom  of  the  profile  "well," 
produce  contrasting  multistage  curves  which  approximate  the  magnitude  and 
slope  of  the  experimental  curve  for  the  shallow-penetrating  Cu  radiation. 

These  studies  mhke  evident  why,  in  the  past,  the  x-ray  patterns  of 
cycled  specimens  have  been  inconclusive  in  predicting  fatigue  failure. 

For  virtually  the  entire  life,  the  rapidly  work  hardened  surface  layer 
belies  the  damage  accumulating  in  the  specimen.  If  the  radiation  does  not 
penetrate  beyond  this  surface  layer,  the  slight  Increase  in  halfwidth  or 
x-ray  line  broadening  during  the  expansive  second  stage  of  the  life  falls 
within  the  experimental  error  limits  shown  in  Figure  24.  The  rapid 
saturation  hardening  response  of  the  surface  layer  therefore  acts  to  both 
misrepresent  and  obscure  the  cyclic  progression  toward  failure.  The 
choice  of  an  appropriate  analysis  depth,  as  represented  by  the  thicker 
layer  sampled  with  molybdenum  radiation,  however,  can  produce  a  much  more 
sensitive  broadening  dependence  on  the  cyclic  extent,  and  therefore  maxi¬ 
mize  the  accuracy  of  the  fatigue  life  prediction. 

Thus,  for  analysis  of  a  layer  extending  at  least  to  a  depth  beyond 
the  minimum  of  the  profile  well,  or  200  pm,  there  is  a  linear  dependence: 


3  =  3*(N/Nj), 


(i) 


where  3*  is  the  critical  value  for  failure  for  both  the  Cu  and  Mo  curves. 
From  the  previous  study  by  Kramer^®^’^^^  showing  a  Basquin-type  relation 
involving  the  critical  surface  layer  stress,  Equation  (9),  p.  30, 

the  correspondence  between  3*  and  permits  derivation  of  the  expression: 


3  =  (3*No  ^)/(a  */k)  -  3*Na  ^/a 
as  a 


(ii) 


147 


b .  Practical  X-ray  Diffraction  Methods  for  Fatigue  Life  Prediction.  In 
practice,  the  halfwidth  values  for  the  surface  and  bulk  and  for  the  sur¬ 
face  layer  alone  can  all  be  obtained  in  a  single  exposure  sequence.  Using 
MoKa  radiation,  the  grain  reflections  can  be  recorded  on  multiple  films 
separated  by  copper  foils  of  appropriate  thicknesses.  The  first  film 
records  the  contribution  of  both  surface  and  bulk,  but  the  second  and 
later  films,  owing  to  the  suppression  of  the  weak  intensities  by  the 
interposed  copper  screen,  register  only  the  intense  reflections  emanating 
from  the  surface  grains.  Alternatively,  due  to  the  reflection  geometry 
of  the  diffraction  condition  for  the  cylindrical  specimens,  i.e.,  inci¬ 
dence  on  the  curved  surface  and  variable  takeoff  angle  for  different 
reflections,  the  forward-directed  reflections  derive  principally  from  the 
surface  layer  of  about  150  pm  in  thickness,  while  the  back  reflections 
originate  from  greater  depths  up  to  350  pm  from  the  surface.  This  also 
facilitates  the  separation  of  surface  and  bulk  contributions  to  the  x-ray 
patterns.  Finally,  a  rigidly  collimated  primary  beam  from  a  dual  x-ray 
target,  producing  both  copper  and  molybdenum  radiation,  could  be  employed 
to  obtain  an  equivalent  sampling  in  the  respective  Debye  patterns  of  half¬ 
widths  from  the  surface  layer  and  surface  and  bulk  combined.  For  all 
these  methods,  the  difference  between  the  average  halfwidth  for  the 
rapidly  work  hardened  surface  layer  alone,  which  approximates  g*,  and 
that  for  the  combined  surface  and  bulk  regions  may  be  used  to  quickly 
deduce  the  remaining  fatigue  life.  This  exploitation  of  the  convergence 
of  the  two  curves  at  the  late  fractions  of  the  life  avoids  the  tedious 
generation  of  numerous  calibration  curves  and  failure  prediction  can  be 
accomplished  simply,  accurately,  and  nondestructively . 


VI.  CONCLUSIONS 


A.  IMPLICATIONS  OF  SURFACE  WORK  HARDENING:  THE  SURFACE  BARRIER  CONCEPT 

The  first  two  phases  of  the  investigation  were  designed  to  characterize 
the  deformation  response  for  tensile  and  fatigue  stressing  as  a  function  of 
the  depth  into  the  bulk  from  the  free  surface.  Direct  examination  of  the 
deformation  induced  substructural  misorientation  and  measurement  of  the 
defect  concentration  and  distribution  by  x-ray  diffraction  methods  led  to 
the  following  conclusions. 

1.  Monotonic  deformation  of  single  crystals  belonging  to  "model" 
species  inevitably  produces  preferential  work  hardening  in  the  surface 
layer  as  compared  to  the  bulk  material. 

a.  For  silicon  crystals  pulled  at  elevated  temperature,  and 
plastically  strained  aluminum  crystals,  the  work  hardened  surface  layer  is 
described  quantitatively  by  a  decreasing  gradient  in  excess  dislocation 
density  from  surface  to  bulk. 

b.  Qualitatively,  the  deformation  induced  surface  layer  comprises 
a  highly  misoriented  subdomain  debris,  in  comparison  to  the  polygonization- 
type  substructure  in  the  interior,  exhibiting  considerably  less  mlcroplasti- 
city. 

c.  The  experimental  evidence  suggests  that  the  surface  layer  work 
hardening  rate  is  greater  than  in  the  specimen  core  due  to  preferential 
generation,  multiplication,  and  interaction  of  dislocations  at  the  free 
surface. 

d.  The  similar  gradient  obtained  for  tensile-deformed  gold 
monocrystals  indicates  that  the  preferential  work  hardening  of  the  surface 
layer  does  not  depend  on  the  formation  of  a  surface  oxide  layer  or  film. 

2.  A  special  propensity  for  surface  layer  work  hardening  is  also 
measured  for  aluminum  single  crystals  and  A1  2024  alloy  specimens  subjected 
to  fatigue  cycling. 

a.  The  work  hardening  of  grains  located  at  the  surface  of  alloy 
specimens  displays  a  three-stage  response  sequence  during  the  fatigue  life: 

(1)  Stage  I  constitutes  the  first  20  to  25%  of  the  life  and 
features  a  rapid  hardening  response  at  the  surface. 
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(2)  Stage  II  represents  a  transient  period  extending  to  90 
to  95%  of  the  life,  during  which  the  surface  excess  dislocation  density 
exhibits  a  saturated  condition,  increasing  only  very  slightly. 

(3)  Stage  III  is  characterized  by  another  rapid  hardening 
response  in  the  surface  layer  prior  to  fracture,  concomitant  with  slip  band 
intrusion  and  extrusion  and  incipient  microcracking  at  the  alloy  surfaces. 

A  critical  excess  dislocation  density  is  measured  at  ultimate  failure. 

b.  For  the  aluminum  alloy,  the  increase  in  excess  dislocation 
density  at  the  surface  as  a  function  of  the  fraction  of  fatigue  life  and 
the  critical  value  at  failure  are  Independent  of  the  stress  amplitude. 
Differences  in  the  cyclically  induced  Increases  in  excess  dislocation 
density  for  alloys  with  various  grain  sizes  are  related  by  a  power-law 
shift  factor. 

3.  When  sufficiently  high  stress  amplitudes  are  applied  in  the  fatigue 
tests,  a  plastic  response  in  the  bulk  of  alloy  specimens  is  observed,  as 
evidenced  by  an  increase  in  the  density  of  excess  dislocations  of  one  sign 
in  the  core  region. 

a.  Significant  microstructural  change  is  incurred  in  the  bulk 
of  specimens  cycled  beyond  about  5%  of  their  life.  The  defect  distribution 
with  depth  is  consistently  characterized  by  a  decreasing  excess  dislocation 
gradient  from  the  surface  to  a  minimum  at  about  100  jim  into  depth,  followed 
by  an  increase  again  to  a  constant  plateau  level  at  a  distance  of  about  200 
pm  into  the  bulk. 

b.  Elucidation  of  the  bulk  substructure,  by  Incrementally 
polishing  away  the  surface  layers  and  analyzing  the  x-ray  rocking  curves  for 
each  depth,  indicates  that  the  bulk  "damage"  is  sustained  gradually  through¬ 
out  the  life.  The  preferentially  hardened  surface  layer  is  proposed  to 
constitute  a  barrier  to  moving  dislocations.  Long-range  stresses  due  to 
surface  dislocation  accumulation  and  plleups  emanate  into  the  bulk  and 
initiate  the  plastic  response  in  the  core  material.  The  fatigue  behavior 
can  thus  be  visualized  as  a  dynamic  interplay  between  the  surface  and  bulk 
regions . 

c.  Single  crystals  cycled  at  stress  amplitudes  below  their  endurance 
limit,  while  suffering  the  usual  hardening  at  the  surface,  incur  little  or 
no  bulk  damage.  The  subsurface  layer  centered  at  100  pm  in  depth  exhibits 
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a  propensity  for  recovery,  possibly  by  dislocation  migration  or  redistribu¬ 
tion  toward  the  surface,  producing  a  lower  excess  dislocation  density  in  this 
region  than  is  intrinsic  to  the  virgin  crystal.  The  negligible  introduction 
of  bulk  damage  at  low  cyclic  stress  levels  explains  why  the  life  span  can 
extend  almost  indefinitely  despite  the  obvious  cold  work  and  hardening 
Induced  in  the  surface  layer. 

4.  The  bulk  substructure  Induced  by  fatigue  is  extremely  unstable 
upon  surface  removal  and  recycling. 

a.  Previously  cycled  alloy  specimens  display  a  rapid  decline  in 
subdomain  mlsorlentatlons  and  excess  dislocation  density  toward  the  values 
intrinsic  to  virgin  specimens  when  recycled  after  removal  of  the  originally 
fatigue  hardened  surface  layer.  Specimens  precycled  up  to  75%  of  their  life 
experience  nearly  complete  regeneration  of  their  full  life  spans  when  so 
treated.  Precycling  beyond  75%  followed  by  surface  removal  gives  diminish¬ 
ing  returns  with  respect  to  fatigue  life  extension. 

b.  The  reversal  of  bulk  damage  or  recovery  phenomenon,  resulting 
from  dislocation  rearrangement  and  egression  in  the  absence  of  the  surface 
barrier,  explains  the  prolonged  fatigue  lives  obtained  by  continuous  or 
intermittent  surface  dissolution  during  the  cycling  process.  The  improved 
fatigue  resistance  is  thus  ascribed  primarily  to  the  elimination  of  the 
blocking  action  afforded  by  the  surface  layer,  rather  than  to  the  removal 

of  microcracks  and  other  topographic  surface  relief. 

B.  IMPORTANCE  IN  METAL  FATIGUE:  THE  PREDICTION  OF  FATIGUE  FAILURE 

The  third  and  final  phase  of  the  experimental  program  was  oriented 
toward  exploitation  of  the  practical  significance  of  the  in-depth  studies. 
Elucidation  of  the  resultant  substructures  of  the  surface  and  bulk  regions 
of  cycled  specimens  and  their  dynamic  Interplay  during  the  fatigue  process 
led  to  the  following  conclusions  regarding  the  prediction  of  fatigue  life 
and  failure. 

1.  Application  of  shallow-penetrating  copper  radiation  in  the 
x-ray  diffraction  analysis  establishes,  for  both  single  crystals  and 
polycrystalline  alloys,  a  long  intermediate  stage  of  the  fatigue  life  during 
which  little  change  can  be  detected  in  the  saturation  level  of  the  surface 
excess  dislocation  density.  Curves  representing  the  rocking  curve 
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halfwidth  expansion,  related  to  the  degree  of  Induced  lattice  misorienta- 
tion,  as  a  function  of  the  fraction  of  fatigue  life  show  an  exceedingly 
gradual  positive  slope  during  this  period.  This  shallow  Inclination  greatly 
inhibits  proper  assignment  of  the  remaining  fatigue  life  for  a  specimen 
which  has  surface  halfwidths  that  fall  within  the  narrow  range  of  magnitude 
for  this  portion  of  the  curve.  This  result  explains  the  inability  of 
previous  studies  to  predict  the  fatigue  life  on  the  basis  of  x-ray  line 
broadening. 

2.  The  in-depth  analysis  discloses  a  steeper  single-stage  dependence 
of  rocking  curve  halfwidths  of  the  bulk  as  a  function  of  the  fraction  of 
fatigue  life.  Integration  of  the  "depth  profiles"  to  obtain  the  average 
halfwidth  dependence  on  distance  from  the  surface  for  incremental  fractions 
of  life  also  results  in  a  single-stage,  linear  dependence  when  the  average 
halfwidths  are  computed  for  layers  of  at  least  250  urn  in  depth.  A  multistage 
dependence  is  obtained  for  shallower  layer  depths.  It  is  therefore  evident 
that  analysis  which  includes  in  the  measured  response  to  cycling  the  con¬ 
tribution  from  greater  depths  from  the  surface  will  result  in  a  more  favor¬ 
able  curve  for  fatigue  life  prediction. 

3.  By  employing  penetrating  molybdenum  radiation,  for  which  grains 
located  up  to  300  to  400  um  in  depth  contribute  to  the  x-ray  pattern,  a 
nearly  linear  dependence  of  the  average  rocking  curve  breadths  on  the 

number  of  cycles  is  obtained  nondes tractive ly.  The  concomitant  slope  enhance¬ 
ment  in  the  cyclic  progression  toward  the  critical  halfwidth,  /3*,  for  the 
curves  is  regarded  to  be  of  great  practical  significance  in  improving  the 
predictive  accuracy  for  x-ray  analysis.  The  convergence  of  the  progressive 
fatigue  curves  for  shallow  and  deeply  penetrating  radiations  to  an  identical 
P*  value  eliminates  the  need  for  numerous  calibration  curves  for  fatigue 
failure  prediction.  Instead,  by  sampling  the  rocking  curve  widths  for  the 
surface  and  bulk  regions  independently  using  x-ray  radiation  with  different 
wavelengths,  or  by  separating  the  reflections  from  the  surface  and  bulk 
on  the  basis  of  relative  intensltjt  employing  a  single  penetrating  radiation, 
the  comparative  halfwidths  can  be  utilized  to  estimate  accurately  the 
expended  fatigue  life.  This  simple,  nondestructive  x-ray  diffraction 
technique  for  fatigue  life  prediction  evokes  a  new  criterion  for  cyclically 
induced  failure  related  not  just  to  the  surface  damage  but  to  the  in-depth 
response  as  well. 


VII.  SUGGESTIONS  FOR  FUTURE  WORK 

The  primary  emphasis  of  the  research  program  thus  far,  as  born  out  by 
the  conclusions  in  the  preceding  section,  was  to  confirm  the  preferential 
hardening  in  the  surface  layer  during  deformation,  elucidate  the  in-depth 
response,  and  characterize  the  progressive  accruement  of  fatigue  damage  to 
enhance  the  capability  for  failure  prediction.  The  investigation  was 
restricted  to  a  single  fatigue  mode,  namely  push-pull,  constant  amplitude 
cycling,  and  the  x-ray  diffraction  analysis  was  carried  out  using  the  sen¬ 
sitive  and  time-consuming  double-crystal  diffractometer  technique,  appli¬ 
cable  only  under  controlled  laboratory  conditions.  Continuing  research, 
therefore,  should  concentrate  on  broadening  the  prediction  capability  to 
include  a  variety  of  fatigue  modes  and  specimen  shapes,  sizes,  materials, 
and  preparations,  as  well  as  on  refinement  of  the  experimental  analysis 
for  practical  and  efficient  use  in  the  field. 

The  following  list  presents  a  number  of  suggestions  for  future  work 
which  emerged  in  the  course  of  the  project . 

1.  Related  to  elucidation  of  the  surface  and  bulk  deformation 
response; 

a.  Characterization  of  the  work  hardening  rates,  i.e.,  relative 
strain  hardening  exponents  for  the  surface  and  bulk  during  plastic  defor¬ 
mation  in  simple  tension. 

b.  Confirmation  as  to  whether  cycling  at  cr  below  the  endurance 
limit  is  associated  with  the  absence  of  damage  accrued  in  the  bulk. 

c.  Further  elucidation  of  the  dislocation  density  and  configu¬ 
ration  in  the  surface  and  bulk  by  TEM  methods. 

d.  Determination  of  the  effect  of  aggressive  environments  on 
progressive  surface  hardening  and  its  critical  value,  as  in  corrosion 
fatigue. 

2.  Related  to  incremental  fatigue  studies  and  fatigue  life  predic¬ 
tion  ; 

a.  Extension  of  the  in-depth  and  incremental  fatigue  studies  to 
include  additional  alloys,  grain  sizes,  degrees  of  prior  cold  work,  aging 
treatments,  etc. 
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b.  Evaluation  of  the  effects  related  to  specimen  size  and  shape, 
and  to  nonideal  surface  conditions  that  are  inherent  to  as-machined  speci¬ 
mens,  on  the  prediction  capability. 

c.  Comparison  of  the  microstructural  response  for  a  variety  of 
fatigue  modes  and  loading  configurations  such  as  constant  strain-control 
cycling,  nonzero  mean  stress  fatigue,  bending  fatigue,  and  variable 
amplitude  Cycling. 

3.  Related  to  improvement  and  simplification  of  the  x-ray  analysis: 

a.  Experimentation  with  a  dual  target  producing  both  shallow 
and  deeply  penetrating  radiation. 

b.  Investigation  of  the  potential  for  prediction  of  small  grain 
size  metal  failure  employing  traditional  line  broadening  analysis  but  with 
deeply  penetrating  radiation. 

c.  Adaptation  of  the  double  crystal  diffractometer  for  use  in 
the  field  by  application  of  position-sensitive  detectors. 


APPENDIX  A 

DEPTH  OF  PENETRATION* 


Let  and  Yj^  represent  the  angles  between  the  tangent  to  the  speci¬ 
men  surface  at  any  point  of  incidence,  and  the  primary  and  reflected  beams, 
respectively.  Then  the  entrance  distance,  and  the  exit  diatance, 
can  be  expressed  as  x/siny^  and  x/siny^^,  where  x  is  the  depth  measured  in 
a  direction  normal  to  the  surface.  The  reflected  intensity  is  thus  given 
by: 


where  I  '  is  the  reflected  intensity  when  there  is  no  absorption.  Setting 
Y^  =  ((>  and  y^^  =  20  -  (J),  for  a  reflected  intensity  ratio  1/e,  the  penetra¬ 
tion  distance  normal  to  the  specimen  surface  is  given  by: 


1. _ ^  1  .-1  ^  l.sin(i)sin(29-(|>)  , 

p  sin<J)  sin(20-(()'  p  sin(20-(J))+sin0 


(il) 


1.  Tension  studies 

For  the  planar  single  crystals  of  Si,  Al,  and  Au,  the  relative  pene¬ 
tration  distances  are; 

Silicon:  (112)  surface  orientation,  symmetric  case, 

(Yo  *  “6).  X  =  24.6  pm 

Aluminum:  (100)  surface  orientation,  symmetric  case, 

X  =  14.5  pm 

Gold:  (113)  reflection,  asymmetric  case, 

(Yq  -  =  0  +  11°,  Yi  -  20  -  4i), 

X  *  0.7  pm 

for  analysis  with  copper  radiation. 


* 

See  B.D.  Culllty,  Elements  of  X-ray  Diffraction,  Addlson-Wesley , 
Reading ,  Mass . ,  1956 ,  pp .  188-89 . 
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2.  Fatigue  study  of  aluminum  single  crystals 

The  cylindrical  specimens  were  mounted  on  the  goniometer  head  and 
translated  so  as  to  achieve  a  glancing  incidence  of  the  x-ray  beam  on  the 
specimen  surface.  In  this  way  the  axis  of  rotation  was  positioned  to  lie 
in  the  plane  of  reflection,  and  the  tendency  for  precession  about  the  axis 
was  minimized.  For  the  (100)  reflection  in  the  parallel  setting,  the 
penetration  varied  from  zero  [when  (J)  =  0°  and  44.74°(29)]  to  7.25  pm 
[when  (j)  =  22.37  (9)]  .  The  former  condition  applied  at  the  extreme  right 
side  of  the  beam  width,  and  the  latter  approximated  the  penetration  at  the 
left  margin  of  the  beam,  as  illustrated  by  curve  II  in  Figure  Al. 


3.  Variable  penetration  studies  of  Al  2024  alloy 

As  was  true  for  the  single  crystals,  the  penetration  into  the  alloy 
specimens  varied  with  the  incidence  position  along  the  curved  surfaces,  due 
due  to  the  continuous  change  in  incidence  and  takeoff  angles.  The  radia¬ 
tion  penetration  capability  was  also  dependent  on  the  reflection  condition 
for  the  randomly  oriented  grains  so  that  the  takeoff  angle  was  a  function 
of  both  position  and  reflection  o^er.  To  characterize  the  distribution 
of  penetration  depths,  which  were  inherent  to  the  analysis  with  each  type 
of  x-ray  radiation,  three  representative  cases  were  considered: 

Case  I:  If  only  reflections  normal  to  the  surface  tangent  are 

considered,  29  =  <j)  +  90°,  and 


1,  sind)  , 
^  y  1  +  sin<))^ 


=  :^(1  +  csc(p) 


-1 


Case  II;  If  only  symmetric  reflections  (y^  =  considered, 

29  =  24),  and 


y^2sin4)^  2y 
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Case  III;  If  only  the  reflections  29  =  90°  are  considered, 

lySin(j)cos(^  ^ 
p'‘sin(|)+cos(|)'' 


The  maximum  radial  penetrations  for  each  radiation  type  under  these  condi¬ 
tions  are  given  in  Table  A1  and  illustrated  in  Figure  Al. 


TABLE  Al  -  MAXIMUM  RADIAL  PENETRATIONS  OF  MOLYBDENUM, 

COPPER,  AND  CHROMIUM  RADIATIONS  FOR 
CYCLINDRICAL  Al  2024  SPECIMENS 

,  Penetration  into  Surface  Layer 
Angle  (p  Between  S  Maximum  Radial 

and  Surface  Tangent  MoKa;  l/y=718  CuKa;  l/u=76.2  CrKa:  l/vi=24.4 

I  II  III  I  II  III  I  II  III 

70°/  Represents 

Extreme  Left  Margin  348  337  180  36.9  35.8  19.1  11.8  11.5  6.1 

of  the  Beam  Width 

45°/Represents 

Nearly  the  Midpoint  297  254  254  31.6  26.9  26.9  10.1  8.6  8.6 

of  the  Beam  Width 

20°/Represents 

Right-Hand  Portion  183  123  180  19.4  13.0  19.1  6.2  4.2  6.1 

of  the  Beam  Width 


APPENDIX  B 

HORIZONTAL  AND  AZIMUTHAL  BROADENING 


This  section  presents  the  mathematical  formulations  used  to  correct 
for  the  instrumental  broadening  inherent  to  the  horizontal  breadth  of  a 
spot  array  in  the  Debye  pattern,  and  to  calculate  the  width  of  the  mar¬ 
ginal  distribution  along  the  direction  parallel  to  the  rotation  axis  or 
azimuthal  breadth. 

1.  Velocity  factor  and  vertical  divergence  corrections 

Let  ip  be  the  latitude  of  the  reflection  measured  from  the  equatorial 
plane,  and  <t>  be  the  longitude  measured  from  the  x-axis  of  the  reflecting 
zone. 

Let  e  be  the  angle  measured  from  the  center  of  a  unit  sphere  along  a 
circle  of  latitude,  subtended  by  a  region  of  the  sphere  pierced  by  the 
misaligned  normals  of  the  crystallite. 

Then  =  e/cosi|^  is  the  angle  required  to  turn  this  region  past  a 
fixed  longitude  (the  velocity  correction) . 

Let  A<t)2  be  the  angle  required  to  turn  any  point  of  the  region  of 
misalignment  through  the  reflecting  zone. 

r  2  2 

Then  A4>2  “  J  Ksini|»/ (cos  ip  -  sin  6)  I  +  L,  where  K  is  the  vertical 
convergence  of  tne  incident  beam  and  L  is  the  horizontal  convergence. 

The  angle  of  misalignment,  e,  in  terms  of  the  total  angle  A(}i  through 
which  the  reflection  is  observed  is  then; 


* 

See  A.J.  Reis,  J.J.  Slade,  Jr.,  and  S.  Weissmann,  J.  Appl.  Phys. 
22,  665  (1951),  or  photometric  transformation  method  by  J.J.  Slade,  Jr., 
and  S.  Weissmann,  J.  Appl.  Phys.  323  (1952). 


At  higher  azimuths,  the  reflection  boundaries  are  Ill-defined  and 


correction  of  the  misalignment  angle  Is  required.  To  simplify  the  cal¬ 
culation,  set  e  =  B'cosij;  -  Q,  where  Q  =  0.67  I - - jjj  +  L  I  cosi|( 

L  (cos^\l>  -  sln^0)  I 

Is  the  correction  factor  due  to  the  vertical  divergence  for  the  measured 
halfwldth  3' .  Now,  defining  an  angle  such  that  tant|*j^  =  Y/R,  where  Y 
Is  the  vertical  distance  of  the  reflection  from  the  equatorial  plane,  or 
line  on  the  film,  and  R  Is  the  radius  of  the  camera,  then 

y/r 

slniJjj^  =j. - tT72~'  since  slnij^j^  =  2sln0sln\|;,  the  angleip  can  be 

[l+(Y/R)^J 

expressed  directly  In  terms  of  the  camera  parameters  so  that: 


2sln0  1+(Y/R)' 


If  the  latitude,  \p,  is  limited  to  12  ,  which  corresponds  to  an  angle  of 
about  ±15°  measured  with  respect  to  the  equatorial  line  on  the  film  from 
the  point  of  primary  beam  Incidence,  the  error  due  to  the  vertical  diver¬ 
gence  for  the  present  Investigation  varies  from  2.2  minutes  of  arc  for 
the  (111)  reflection  to  4.3  minutes  for  the  (420)  reflection.  The  velo¬ 
city  factor  contributes  from  1.0  to  1.75  minutes  to  the  breadth  of  reflec¬ 
tions  at  the  azimuthal  limit  for  the  respective  minimum  and  maximum 
halfwidths  encountered  In  this  study. 

* 

2.  Computation  of  azimuthal  breadth 

The  vertical  marginal  distribution  of  lattice  misalignment. 

Is  calculated  by  differentiating  equation  (11)  above: 


1 

2sln0 


Y^/R^ 


r  21^/2 

r  2i- 

[l+(Y/R)^J 

[l+(Y/R)^J 

(111) 


See  S.  Welssmann  and  D.  Evans,  Acta  Cryst.  7,  733  (1954). 


dY 


A\f) 


Y[i+(Y/R)^] 


tani//. 


(iv) 


Thus,  for  reflections  near  the  equator  where  cosip  .  1,  the  azimuthal 
broadening  may  be  calculated  simply  by  measuring  the  vertical  spread  of 
the  spot  on  the  film,  dY,  less  the  size  of  the  grain  and  substituting  into 
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APPENDIX  C 


DEYBE  PATTERN  AND  ROCKING  CURVE  ANALYSIS 
This  section  presents  several  aspects  of  the  DCD  Debye  pattern  genera¬ 
tion  and  analysis  procedure,  and  a  formulation  for  separating  the  contribu¬ 
tions  of  internal  strain  and  mlsorlentatlon  to  the  constituent  arrays  or 
rocking  curves. 

1.  Choice  of  monochromator 

In  order  to  minimize  the  required  exposure  time  or  maximize  the 
Intensity  to  allow  multiple  film  exposure,  the  choice  of  monochromator  for 
each  particular  radiation  type  is  determined  by  the  comparative  intensity 
ratios  in  Table  Cl. 


TABLE  Cl  -  COIPARATIVE  INTENSITY  RATIOS  FOR  VARIOUS 
RADIATION  AND  MONOCHROMATOR  COMBINATIONS 


Single- 

Crystal 

Mono¬ 

chromator 

P  3 

fa 

(Taking 

sin0/X= 

0.159) 

Cu;X=1.5418A 

Mo;X=  0.7107 

Cr;X=2.2909 

(g/cm  ) 

®(111)  M^(cm-^) 

®(111) 

h 

0(111) 

Silicon 

2.33 

10.69 

14.22  141.1 

6.50 

15.01 

21.40  440.4 

Germanium 

5.32 

27.40 

13.65  402.2 

6.25  344.7 

20.53  1250. 

^Vsi 

^^m^Ge 

a  2 

0.43 

3.50 

0.42 

2.  Estimation  of  reflecting  grain  population 

The  sample  of  spot  arrays  will  vary  in  size  for  the  radiation  types 
as  follows: 

a.  Cu  vs  Cr: 

Ratio  of  number  of  Debye  arcs  recorded,  A/9 

Weighting  correction  for  multiplicity,  50/7A 

Ratio  of  respective  penetration  distances,  1/3 

Total  difference  in  number  of  observed  reflections,  10:1 
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b.  Cu  vs  Mo: 


Same  number  of  recorded  arcs  and  multiplicity  factor 
Ratio  of  penetration  distances,  10/1 

Ratio  of  number  of  crystallites  oriented  for  reflection, 

2.5/1  (N^  =  27rNacos0/sin20  ~  k/sin0) 

Total  difference  in  number  of  observed  reflections,  1:25 
Table  C2  is  a  partial  compilation  of  the  data  used  in  the  comparison. 


TABLE  C2  -  X-RAY  DIFFRACTION  DATA  FOR  ALUMINUM 
USING  COPPER,  MOLYBDENUM,  AND  CHROMIUM 
RADIATIONS 


Reflection 

Index 

(Aluminum) 

Relative 

Intensity* 

(CuKa^) 

Multi¬ 

plicity 

Reflection  angle, 

26  (a  =  4.0494) 
o 

CuKa  MoKa 

CrKa 

111 

100 

8 

35.51° 

17.48 

58.65 

200 

47 

6 

44.75 

20.22 

68.88 

220 

22 

12 

65.16 

28.74 

106.21 

311 

24 

24 

78.31 

33.84 

139.37 

222 

7 

8 

82.52 

35.39 

400 

2 

6 

99.19 

41.10 

331 

8 

24 

112.16 

44.98 

420 

8 

24 

116.72 

46.21 

422 

8 

24 

137.70 

50.92 

*Taken  from  File  Card  #4-0787,  International  Centre  for 
Diffraction  Data  (JCPDS),  Swarthmore,  Pa. 


3.  Separation  of  broadening  contributions  to  the  radial  breadth* 

The  corrected  halfwidth  of  the  horizontal  range  of  reflection  is  com¬ 
posed  of  the  broadening  due  to  the  internal  strain  or  misalignment,  of 

the  individual  subdomains  and  that  caused  by  their  mutual  misorientation, 
fl  ,  such  that: 

ros  2  2k 

/3t  =  (0.,  +  (i) 

T  is  ms 

*See  S.  Weissman  and  D.  Evans,  Acta  Crys.  2>  (1954). 
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where  3,j,  is  related  to  a  Gaussian  distribution  of  strained  subdomains  by 

=  2.36e  =  2.36(S^g^  +  .  (li) 

For  a  well-resolved,  multipeaked  rocking  curve,  or  physical  deconvolution  by 
topographic  techniques ,  the  moment  method  allows  computation  of  the  individual 
components . 

First,  the  integrated  Intensity  is  recorded  for  each  rotational  posi¬ 
tion  of  the  specimen,  ()).  The  first  moments,  <t>,  of  each  peak  of  the  array 

or  rocking  curve  are  used  to  calculate  B  ,  such  that: 

°  ms 


<|)j^  =  (f>2  - 

3__  =  (<(>i  -  <J>o)  X  A(t>, 
ms  X  L 


where  A(}>  is  the  shift  angle  between  rotation  positions. 

~2 

The  first  and  second  moments,  (j)  ,  are  used  in  the  calculation  of  the 
misalignment  within  the  individual  subdomains ,  B^^^ ,  such  that : 

=  ZI^<|)^^/EI,  and  if 2  = 

and  thus: 

(B^g)j^  =  [<t>3^^  -  X  A(ti  ,  and 


(iv) 
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